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Abstract
The mid-infrared (λ ∼ 3 – 30 µm) and terahertz (THz) or far-infrared (λ ∼
30 – 300 µm) regions of the electromagnetic spectrum offer unique applications in
spectroscopy, sensing, and imaging. However, these longer wavelengths (photon ener-
gies ≤ 0.4 eV) are difficult to generate with compact solid-state devices owing to the
lack of naturally occurring materials with small bandgaps. Quantum-cascade lasers
(QCLs) are unipolar devices based on semiconductor superlattices, in which radiation
occurs due to intersubband (rather than interband) optical transitions. After their
first demonstration almost two decades ago, mid-infrared QCLs are now available
commercially and are the brightest mid-infrared solid-state sources available. Devel-
opment of THz QCLs is still in research stages, with important progress being made
1
in past several years. THz QCLs are now poised to bridge the so-called “terahertz
gap” in the spectrum, which has long remained underdeveloped due to the difficulty
in generation of terahertz radiation.
After the first demonstration of THz QCL radiating at 4.4 THz and operating up
to ∼50 K in 2001, there was a race between different research groups to demonstrate
better temperature performance of such lasers. Today, significant improvements have
been made in the performance of THz QCLs, which can now cover frequencies from
1.2 THz to 5.4 THz by optimum design of semiconductor superlattices. Operation
above 140 K has been realized in GaAs/AlGaAs based QCLs for frequencies ranging
from 1.8 – 4.4 THz.
This thesis reports several milestones achieved to implement THz QCLs for practi-
cal applications. The primary objective of this thesis is to explore novel active region
designs from ∼ 1 – 6 THz. The effect of interface roughness in the semiconductor
heterostructures on the performance of such devices are studied and our approach
has led to the reduction of threshold current densities by almost a factor of four,
while operating above 150 K, as compared to the state-of-art THz QCLs. Such low
threshold lasers are desirable for operation of such lasers in relatively compact and
electrically operated cryocoolers.
QCLs can be designed to emit at two different frequencies when biased with op-
posing electrical polarities. THz QCLs with bidirectional operation are developed
to achieve broadband lasing from the same semiconductor chip that operates at sig-
nificantly higher temperature than previous broadband QCLs reported in literature.
Such broadband QCLs will play an important role for sensing and spectroscopy since
then, distributed-feedback schemes could be utilized to produce laser arrays on a
single semiconductor chip with wide spectral coverage. Finally, approaches toward
development of a novel THz spectroscopy scheme is introduced based on QCLs, which
2
eliminates the need of complex and expensive optical set-ups and will potentially elim-
inate the need of expensive THz detectors and spectrometers. Preliminary results for
the feasibility of such a sensor are demonstrated.
Thesis supervisor: Sushil Kumar
Title: Associate Professor
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CHAPTER 1. Introduction
1.1 Background
Electromagnetic radiation ranges from γ-rays to radio waves. Figure 1.1 shows a
part of electromagnetic spectrum ranging from radio waves to x-rays. Between the
microwave and infrared frequencies lie Terahertz (THz) radiation (0.3 − 10 THz).
In other words, terahertz lies in “no-man’s land” between optics and electronics.
Radiation at 1 THz has a period of 1 ps, a wavelength of 300 µm, a wavenumber
of 33 cm−1 and a photon energy of 4.1 meV . Plenty of terahertz radiation sources
surround us; since the “Big Bang”, most of the radiation emitted in the universe is in
terahertz frequency range. It is hard to detect these in Earth’s atmosphere because
they are highly absorbed by moistures and water vapour.
The terahertz frequency range of the electromagnetic spectrum has been relatively
unexplored as compared to other neighbouring ranges (millimeter wave and infrared
spectrum) due to the lack of efficient radiation sources and is being termed as “THz
Gap”. Although this frequency range has wide range of applications viz., imaging
and spectroscopy [117], astronomy [94], imaging [45], [22], remote sensing [15] and
these would be discussed in Section 1.4.
“THz Gap” originated from the lack of proper coherent radiation sources in that
frequency range. Understanding the importance of terahertz frequency range, a lot of
research effort was devoted towards the development of terahertz sources. Figure 1.2
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Figure 1.1 Part of electromagnetic spectrum ranging from radio waves to x-rays.
shows various sources for terahertz generation and their relation with the output
power [97]. At the lower end of the terahertz frequency range, electronic sources
(such as Schottky-diode frequency multipliers, Impact Ionization Avalanche Transit-
Time diode (IMPATT), Resonant Tunnelling Diode (RTD), Microwave Monolithic
Integrated Circuit (MMIC), Tunnel Injection Transit Time (TUNNET), Gunn oscil-
lators, Transistors) can reach up to few hundred GHz to almost 1 THz. However,
whenever such electronic sources are operated at terahertz frequency, there is a huge
drop in their output power since output power ∝ ν−4. This is because of the fact that
operating principle of those devices are based on the transport of charge carriers. The
limitation lies on the transit time of carriers and also on the parasitic capacitance in
both devices and in circuit. On the other hand, for higher end, frequency generation
is limited by the band gap. Photonic devices, such as semiconductor lasers, emit pho-
ton when an electron in conduction band recombines with the hold in valance band.
Lead-salt material has the lowest band gap ≈ 40 meV and can generate around 10
THz. The energy of typical terahertz photon is very small and is much below the
minimum band gap of any materials used in diode laser, thus other photonics devices
and/or materials are not suitable for generating terahertz photon. Before the advent
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of QCLs, there was no proper source to generate terahertz frequency. With recent
advancements in the development of QCLs, these gap has shrunk down significantly.
There are non-linear method of generating THz signals, however, they have very low
output power and THz-QCLs are the only viable source for high power. Also we
should note that QCLs has much higher output power when operated at frequencies
higher than 10 THz as compared to conventional Lead-Salt laser. A brief description
of various terahertz sources will be discussed in later section 1.2.
Figure 1.2 Terahertz emission power as a function of frequency (adopted from
Ref. [97]).
1.2 Conventional Terahertz Sources
One of the popular method of generating THz wave is by the use of nonlinear
crystal in which incident electromagnetic waves undergo nonlinear frequency conver-
sion. Terahertz photons at frequency f0 is created by the interaction of two optical
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photons at f1 and f2 with a non-linear crystal, such that f0 = f1 − f2 [70]. Such
difference frequency generation (DFG) of THz radiation are generally expensive and
are limited with very low power. For frequency up-conversion techniques (based on
microwave technology) as in Fig. 1.3, converts microwave signals into their harmonic
waves by using diodes that has strong non-linear I − V characteristics.
Figure 1.3 Terahertz generation in non-linear medium (adopted from Ref. [70]).
Another traditional approach of generating THz radiation is by employing hole
based Ge laser. Figure 1.5a) shows the energy diagram of the population inversion in
p-type Ge in crossed electric and magnetic fields. In such scheme if the applied electric
field is strong enough, a hole is freely accelerated up to the optical phonon energy
where it makes a transition to a lower energy level by the emission of longitudinal
optical phonon. Heavy holes (HH) scatters into Landau levels in the light hole (LH)
band. It has to be noted that such Landau levels are formed only under the specific
condition of crossed electric and magnetic fields [70]. Although such laser has high
output power but such laser requires high magnetic field. Such devices are power
hungry and operates only at cryogenic temperature (< 40 K). Another demerit of
such THz source is that it can only operate at pulsed operation [44]. Figure 1.5b)
7
demonstrates the schematic diagram of p-Ge THz lasers that can emit few watts of
power and frequency can be tuned in the range of 1 – 4 THz by changing the strength
of electric and magnetic fields [70].
a) b)
Figure 1.4 a) Energy diagram of p-type Ge in crossed electric and magnetic field
b) Schematic diagram of p-Ge THz lasers (adopted from Ref. [70]).
For a long time, gas lasers were the dominant source of terahertz radiation. One
advantage of such lasers as opposed to hole based lasers were that they do not re-
quire magnetic fields for operation but the disadvantage of such lasers are that their
frequency can not be tuned and operates only at a certain frequency. This is because
of the fact that THz radiation originates from the rotational transitions of the gas
molecules. Commonly used gases for such lasers are: CH3F, CH3OH, NH3 and CH2F2.
These gas molecules have permanent dipole moments and their rotational transitions
are directly coupled to electromagnetic radiation via dipole interactions [70].
Apart from these sources, there are other sources for THz generation such as
Frequency Multiplies, Backward Wave Oscillators, Free-Electron Lasers etc. All
these sources have their own advantages and disadvantage however recently devel-
oped Quantum Cascade Lasers are considered as one of the front runners of THz
sources and operation of these lasers are discussed in Section 1.3.
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Frequency (THz) Molecule Output Power (mW)
1.27 CH2F2 ∼10
1.81 CH2F2 <100
1.96 NH3 ∼200
2.46 CH2F2 ∼10
2.52 CH3OH >100
3.68 NH3 ∼100
4.25 CH3OH ∼100
4.68 CH3OH >20
7.10 CH3OH ∼10
8.00 CH3OH ∼10
Table 1.1 Laser lines of gas lasers for THz radiation [70].
1.3 Quantum Cascade Laser
Esaki and Tsu [34] introduced the concept of superlattice and the possibility of
negative differential resistance (NDR) in such structure in 1970. Later in 1971, for the
first time Kazarinov and Suris [51] suggested that there would be a possibility of light
amplification in a semiconductor superlattice with unipolar photon-assisted tunnelling
transition through a potential barrier. Not until 1994, first quantum cascade laser
was realized that was lasing at ∼ 4.2 µm [36]. In 2002, mid-IR quantum cascade
laser was reported to operate at room temperature in continuous wave mode and
in the same year Terahertz Quantum Cascade laser was born [56]. First THz
QCL lased at 4.4 THz. Today, huge improvement is observed in the field of THz
QCLs: frequency coverage is from 1.2 THz [107] to 5.1 THz [21]. The highest
reported operating temperatures being ∼ 200 K [38] in pulsed mode for 3.2 THz and
maximum output power is recorded as 1.01 W [73]. Today, operation above 160 K
has been realized in GaAs/AlGaAs based quantum cascade lasers with metal-metal
waveguides for frequencies ranging from 1.8− 4.4 THz [60]
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Figure 1.5 (a) Interband transition arises when an electron from conduction band
recombines with the hold in valance band in a single quantum well leading
to rectangular gain curve. (b) Intersubband transitions of electron in
conduction band leads to Lorentzian Shaped gain curve [59].
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Quantum cascade laser is based on intersubband transitions as compared to other
semiconductor lasers that rely on inter band transitions. Figure 1.2 highlights the
difference between interband and intersubband optical transitions in two-dimensional
quantum wells of a semiconductor heterostructure. As discussed earlier, interband
transition involves electron-hole recombination and is thus bipolar in nature and
the frequency of radiation is essentially determined by the band gap. Intersubband
transitions happen within the subbands of the conduction band or valance band itself
(for electron based or hole based respectively) and is hence unipolar in nature. The
radiative frequency can be set by careful design as this is a function of the width of
quantum wells at designed bias. At designed bias, population inversion is achieved
between sub bands and hence emit photon. During designed bias, there is a transition
from upper lasing level to the lower level and gets depopulates and is cycled to next
module. This concept actually made us free from “band gap slavery”.
Quantum cascade laser or unipolar intersubband laser differs in many fundamental
ways from diode lasers. All these differences arises from the two main features that
are unique and distinguish them from conventional lasers: i) Unipolarity and ii)
Cascading Scheme. In cascading scheme, electrons are recycled from period to period,
contributing to gain and photon emission.
1.4 Application of Terahertz radiation
As discussed, terahertz radiation is emitted as a part of the blackbody radiation
from anything with temperatures greater than 10 K. Much of terahertz application
revolves around the following properties: first is a transmission property. Wide range
of materials, especially packaging materials such as paper, cardboard, clothes, plas-
tics or ceramics or semiconductors are totally or partially transparent to terahertz
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waves. Second is spectral specificity. Many biomolecules, proteins, explosives or nar-
cotics also feature characteristics absorption lines, at frequencies between 0.1 and
2 THz. Not only that, terahertz radiation is safe for biological tissues because it is
non-ionizing (unlike X-rays), and images formed with terahertz radiation can have
relatively good resolution (less than 1 mm). One of the strongest absorbed for tera-
hertz radiation is water, which depending on the application turns out to be a blessing
or a curse: air moisture limits the propagation of terahertz rays to a few meters, but
on the other hand, the characteristic fingerprint enables a high precision in humidity-
sensitive measurements.
a) b)
Figure 1.6 Examples of characteristics terahertz spectra of large molecules a) vibra-
tional fingerprints of RDX molecule at terahertz frequencies [98]. b)
Distinct terahertz spectra of two different polymorphs of the pharmaceu-
tical compound Diclofenac Acid [54].
Figure 1.7 shows how terahertz waves can be used for imaging and sensing. Fig-
ure 1.7a, demonstrates amazing transmission property of terahertz rays which can
be employed for security imaging. Optically it appears that the person is holding
a newspaper in his hand. The terahertz imaging performed at 300 GHz and from
7 m distance reveals that the person is actually concealing a knife under the news-
paper. Another property of terahertz ray is that it is completely reflected from the
metal surface. Figure 1.5b, is one example in which terahertz source can be used in
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a) b)
c)
d)
Figure 1.7 Examples for terahertz imaging and sensing
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biomedical application [2]. Terahertz imaging of a tooth shows that the particular
tooth is infected from cavity. When a tooth has a cavity, water would be trapped
inside it and terahertz rays will be absorbed which is indicated by pink color in the
figure. Figure 1.5c is a terahertz image of a leaf (left, time = 0h) and the image on
the right is a terahertz image of a same leaf after 48 hours. The figure on the right
demonstrates the evaporation of water from the leaf [45]. Terahertz imaging can
also be used to detect drugs and explosives as well. Lack of noninvasive techniques to
detect illicit drugs hidden in an envelope has enabled drugs’ traffickers to send them
by mails. Current techniques to detect is by passing mail through an X-ray scanner
and/or examining by trained dogs (canine detection). Although X-ray scanners can
identify the outline of a plastic bag (in which drugs are kept) or shape of a tablet but
can not identify the type of drugs and detecting mail by dog can be only useful when
there is any trace of drug in an envelope. Figure 1.5d shows an example of terahertz
imaging which accurately determines the shape and type of drugs hidden inside an
envelope [50]. There are various other applications in which terahertz sources has
been applied.
Last but not the least, terahertz sources can also be used in remote sensing appli-
cation. ESA Herschel satellite [3] was launched in May 2009 to study the formation of
galaxies in the early universe and their evolution, to investigate the creation of stars,
to observe chemical composition of the atmospheres and surfaces of planets and also
to examine the molecular chemistry of the universe. Herschel is the only space obser-
vatory to cover the spectral range from far-IR to sub-millimeter wavelengths. EOS
Aura Satellite was launched in July 2004 to study and monitor the ozone layer by
NASA [4].
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1.5 Market of Terahertz Sources
Figure 1.6 shows the number of documents published that contains “Terahertz”
in abstract, title or keyword during the year 1975 to 2013. Lewis [72] analyzed
that the total number of documents containing terahertz doubles approximately every
three years (3.23 years). This suggests that enormous amount of effort is being made
to narrow down this terahertz gap.
Figure 1.8 Linear graph showing the number of papers published with “Terahertz”
in which “Terahertz” word appears in abstract, title or keyword at dif-
ferent year [72].
According to BCC, the market of terahertz radiation systems and devices was
estimated to be $83.7 million in 2011 and is expected to reach $127 million by 2016
and is estimated to accelerate to $570 million by 2021 [1]. Figure 1.7 shows the
projected market for terahertz radiation. As discussed in Section 1.4, the majority
of application of terahertz source would be for imaging and significant market would
be covered by sensor.
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Figure 1.9 Projected market for terahertz radiation devices and system [1].
Table 1.1 shows the list of companies worldwide that sells product to narrow
terahertz gap. These companies started after the advent of quantum cascade lasers.
Now there are tens of companies that sell QCL wafers, QCL Sources and/or QCL
systems. Most of them sell Mid-IR QCLs and very few sells Terahertz QLCs. De-
spite of numerous applications of Terahertz spectral region, the drawback associated
with Terahertz quantum cascade laser is that it requires cryogenic cooling. Today,
one of the widely accepted challenges for this field of research is to achieve room-
temperature operation of terahertz QCLs such that high-performance characteristics
are realized when they are cooled with the available hand-held thermoelectric (TE)
cooler sages that could typically cool down to ∼ 240 K with relative large (∼ 10 W )
heat dissipation [53]. Portable stirling cooler that can cool down to 45 K could be
one of the alternatives rather than nitrogen/helium cooled dewars.
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Company Name Product
AdTech Optics Inc. QCL wafers, QCL Sources and QCL Systems
Aerodyne Research Inc. QCL Systems
Alcatel-Thales III-V Lab QCL Sources
Alpes Lasers QCL Sources
Archcom Technology Inc. QCL Wafers
Block Engineering QCL Systems
Cascade Technologies QCL Sources and QCL Systems
Daylight Solutions Inc. QCL Systems
Hamamatsu QCL Sources
IQE QCL Wafers
Laser Components Inc. QCL Sources
Longwave Photonics QCL Sources and QCL Systems
Maxion Technologies Inc. QCL Wafers and QCL Sources
Nanoplus Inc. QCL Sources
Neoplas Control Inc. QCL Systems
nLIGHT Corporation QCL Wafers
Pranalytica Inc. QCL Sources and QCL Systems
QuantaRed Technologies QCL Systems
Spire Corporation QCL Wafers
ThorLabs QCL Wafers
Table 1.2 List of companies on Quantum Cascade Lasers [27].
1.6 Organization of Thesis
The main objective of this Thesis is to explore various active region designs.
Chapter – 2 is dedicated to introduce readers about Terahertz QCLs and various
active region designs that has been implemented to develop such lasers. Chapter –
2 also gives brief introduction to carrier scattering mechanisms which are vital to
design active regions. Terahertz QCLs are still limited to cryogenic operation and in
this chapter, I have highlighted some dominant temperature degradation phenomena,
waveguide structure and finally I have discussed about the software that has been used
to design active regions.
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As one of the first student in the “QCL Group”, I was also involved to set-up lab
for electro-optical characterization of THz QCLs and develop fabrication procedures
which has been discussed in detail in Chapter – 3.
Chapters 4 – 6 are the experimental results that has been obtained during the
course of this Thesis. Various active regions has been explored, designed and tested.
During the course of this Thesis, some important milestones has been achieved to
realize THz QCLs for practical applications. Chapter – 4, discusses our approach
to design a THz QCLs with lowest threshold current densities (at liquid nitrogen
temperature). This is the record in itself for any devices operating above 150 K. In
Chapter – 5, bidirectional THz QCLs has been explored that demonstrates the robust
dual-color and record breaking high temperature operation of broad-band THz QCLs.
Chapter – 6 deals about designing THz QCLs at lower frequencies. New strategies
has been explored for generating low-frequency THz radiation.
Chapter – 7 is an attempt to develop a low-cost and compact terahertz sensor
instrument based on arrays of chip-scale terahertz lasers for broadband spectroscopic
sensing of solid or liquids. A unique sensing scheme will allow measurement of ter-
ahertz properties of the analyte placed in ambient conditions while the laser chip is
cooled inside a portable cryocooler for operation. Some challenges to implement such
sensing schemes has been overcome and some preliminary results has been discussed.
There are 6 appendix at the end of the Thesis. It cover varieties of topics, such as,
details of mask and fabrication recipe, drawings of different mounts and fixtures used
for measurements, details on customizing cryocooler, setting-up simulation in Comsol
Multiphysics and visual interface of Labview designed to characterize opto-electrical
properties of THz QCLs.
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CHAPTER 2. Introduction to Terahertz QCLs
Terahertz frequency band resides in between microwave and infrared regime of
electromagnetic spectrum. Electronic sources such as transistors have diminishing
mobility of charge carriers at frequencies higher than few hundred GHz, photonic
devices such as interband lasers are limited by the requirement of small bandgap to
produce the low-energy terahertz radiation, which has led to the lack of direct means
to generate high-power terahertz radiation by either electronic or optical means. Non-
linear methods of generating light (such as optical parametric amplification, optical
rectification, photomixing, Schottky multiplication etc.) [49, 79, 108] have therefore
conventionally been used to generate coherent terahertz light, even as they have low-
average optical power output (typically much less than 1 mW). This changed with
the advent terahertz intersubband “quantum-cascade” lasers (QCLs) in 2001 [56]. In-
tersubband lasers have now surpassed any other types of solid-state devices to become
the most powerful sources of terahertz radiation with continuous-wave (cw) output
power levels of > 100 mW at ∼ 10 K [115] and have now reached ∼ 1 W peak output
power level in pulsed mode of operation at 10 K [73]. Terahertz QCLs are simi-
lar to interband diode lasers in terms of fabrication and size. They are electrically
pumped, and achieve terahertz optical gain due to intraband (intersubband) tran-
sitions of electrons in the conduction band of n-doped semiconductor superlattices,
and have primarily been developed in the GaAs/AlGaAs material system. Impor-
tantly, their emission frequency could be adjusted by design anywhere in the range
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of ν ∼ 1 − 5 THz by choosing different layer thicknesses in the superlattices. While
QCLs require cryogenic cooling for operation, cw operation has been demonstrated
above the technologically practicable temperature of liquid Nitrogen for QCLs emit-
ting at frequencies 1.5 THz < ν < 4 THz [110, 93, 60]. This has enabled the use of
THz QCLs with portable electrically operated Stirling cryocoolers that are compatible
with typical THz QCL power dissipation requirements when operating at tempera-
tures around 60 − 80 K [85, 9]. It may be noted that room-temperature terahertz
sources “based on QCLs” have recently been reported with more than 1 mW peak
power in pulsed mode of operation [12, 75, 76]. These are non-linear sources similar to
photomixers, albeit mid-infrared (IR) laser light from embedded mid-IR QCL active
mediums is used for non-linear THz generation. The advantage of such sources is
that widely tunable operation is achieved [74, 103]; however, the primary challenge
would be to achieve high-power output in cw mode of operation. Significant progress
has been made in development of terahertz quantum cascade lasers (QCLs) in the
recent years towards improvement of their power output, beam quality, and spectral
characteristics. Over the years, various design strategies has been employed for the
coherent THz radiations.
2.1 Active Region Designs for THz QCLs
Over the years, a lot of design strategies has been explored for the generation of
THz lasers since their advent in 2001. The first THz QCLs [56] was demonstrated
in Chirped-Superlattice structure however such design strategies does not lead to
better performance and has not been discussed in this thesis. For more informa-
tion on such design strategies, readers are suggested to follow [110, 56]. Terahertz
QCLs with the best performance are realized with one-dimensional GaAs/AlGaAs
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superlattices due to maturity of the growth technology and superior material qual-
ity of the grown superlattices. Research and development in other material systems
such as InGaAs/InAlAs [40, 42] and InGaAs/GaAsSb [30] is ongoing owing to the
lower effective mass of electrons that is perceived to be attractive for realization of
larger intersubband gain for comparable design parameters of a given QCL design.
Efforts are also ongoing to shrink the physical dimensions of the active region for ad-
ditional carrier quantum-confinement in terahertz QCLs by making micropillars [57]
and nanopillars [7], which has the potential to mitigate undesired non-radiative scat-
tering channels and enhance intersubband gain in terahertz QCLs at higher temper-
atures. Figure 2.1 illustrates a broad classification of some of the most successful
design schemes for terahertz QCLs. The typical alignment of subbands on a vertical
energy scale is shown in the quantum-wells where the horizontal direction indicates
the thickness of the wells and barriers in the growth direction. The precise number of
quantum-wells and barriers as well as number of subbands taking active role in elec-
tron transport varies greatly between different designs. The actual number of wells
and barriers is more than that shown in the illustration whenever multiple subbands
are aligned to create a double, triplet, or a miniband of energy subbands.
Figure 2.1(a) shows terahertz QCLs based on bound-to-continuum transitions [88],
which provide the advantage of low operating current-densities since they could be
designed with weaker couplings for resonant-tunneling transport. In such scheme, the
upper radiative subband u is an isolated state, whereas the lower radiative subband
l is the highest energy state of a superlattice miniband [88]. This is due to the
efficient depopulation process by elastic scattering in the miniband comprising the
lower radiative subband. At low-temperatures, the current-flow in such designs due
to parasitic undesired transport channels is much smaller, unlike that of the resonant-
phonon designs [17]. The low parasitic currents in bound-to-continuum designs has
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led to laser operation at the lowest frequency of 1.2 THz [106] for terahertz QCLs that
operate without magnetic fields. Such designs are extensively explored in Chapter 4
and Chapter 5.
tunneling
(b) Tunneling injection, resonant-phonon extraction
(c) Scattering-assisted injection, resonant-phonon extraction
THz radiationtunneling
(a) Tunneling injection, bound-to-continuum transition
i -- injector subband(s)
u -- upper radiative subband
l -- lower radiative subband
Figure 2.1 A relatively broad classification of different design schemes for the
best-performing terahertz QCLs today. (a) Bound-to-continuum design
scheme. (b) Resonant-phonon depopulation scheme. (c) Scattering as-
sisted injection scheme.
Figure 2.1(b) shows another type of design, which utilizes a characteristic resonant-
phonon depopulation scheme [111]. Terahertz QCLs with resonant-phonon depopu-
lation and resonant-tunneling injection show superior performance when designed
for emission typically above ∼ 2.5 THz [60]. In such schemes, the lower radiative
subband is designed to be in resonance with the excited subband in the injector
well(s) for efficient resonant-tunneling transport. The injector wells are designed to
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facilitate fast electron-LO-phonon scattering from the excited subband to the injec-
tor subband(s) [111]. The highest operating temperature of ∼ 200 K was recently
realized for a 3.2 THz QCL [38]. In this type of a design, electron-LO-phonon scatter-
ing at sub-ps timescales and resonant-tunneling for both injection and depopulation
are the two dominant electron-transport mechanisms through the superlattice. It
may be noted that hybrid design schemes have also been demonstrated that combine
bound-to-continuum radiative transition with phonon scattering assisted depopula-
tion [90, 10]. Such schemes have the advantage of superior temperature performance
with lower operating current densities, which is useful to implement large area devices
for high-power output [73].
Finally, Fig. 2.1(c) shows a new type of design scheme for terahertz QCLs in which
electron-LO-phonon scattering is utilized for the injection of electrons into the up-
per radiative subband instead of conventional resonant-tunneling injection. In such
scheme, electrons are injected into the upper-radiative subband via LO-phonon scat-
tering instead of resonant-tunnelling [62]. Such type of designs were recently devel-
oped and have achieved superior performance compared to the conventional resonant-
phonon designs at lower frequencies. Operation above 150 K has been demonstrated
for such QCLs emitting at 1.8 THz [62] and 2.4 THz [83] respectively. Various mod-
ifications of such design strategies are discussed in Chapter 6.
2.2 Scattering Mechanisms in Active Regions:
In conventional lasers, the electrons from conduction band recombines with a
holes in valance band, emitting a photon. However, in an intersubband lasers, an
electron from excited subbands scatters to lower subband through various scattering
mechanisms. There are two broad classifications for scattering in such lasers viz., i)
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Intersubband Scattering and ii) Intrasubband Scattering. In intersubband scattering,
an electron hops from one subband to the other whereas in intrasubband scattering,
electron maintains its subband but changes the wavevector [35].
Spontaneous Emission:
Between two states, initial state - (i) and final state - (f ), with non-zero optical
matrix element, spontaneous photon emission occurs at a rate:
ωsp =
e2
6pimoc3oh¯
2
(
ηfijE
2
ij
)
(2.1)
where, η is the refractive index and fij is the oscillatory strength between two sub-
bands i and j. Oscillatory strength is defines as the overlap of wavefunctions in growth
direction [35]. A typical terahertz spontaneous emission time is longer in GaAs and
hence is not usually accounted for life time calculation. If we take an example such
that fij = 1 at 3 THz then τsp =
1
ωsp
= 12 µs [109].
Phonon Scattering:
It has been well understood that electron-LO-phonon scattering is the dominant
and important intersubband scattering mechanism for THz QCLs since the injection
and/or depopulation mechanism for the most popular active region designs (resonant
phonon and scattering assited) rely on phonon scattering. This scattering rate is <
0.5 ps for intra-well transition. The LO-phonon scattering has been comprehensively
discussed in Ref. [109] and same approximation is used for calculating lifetime for
the active regions mentioned in this thesis. So, for detail information, readers are
directed towards Dr. Williams Thesis [109].
Electron-Electron and Alloy-Disorder Scattering:
For designing active regions for THz QCLs, the intersubband transitions where the
separation is less than ELO, emission of LO-phonons is forbidden at low temperatures
and hence, nonradiative relaxation mechanism plays a vital role. Detail of calculating
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e-e scattering is mentioned in Ref. [35] and for THz QCLs the scattering time can
vary from 5 – 40 ps, which are much longer than the carrier lifetime of radiative
subbands.
Alloy-Disorder Scattering for THz QCLs active region can be calculated as per
Ref. [102] and was found much longer ∼50 ps [53] and hence their effect would be
negligible.
Interface Roughness Scattering:
Intersubband transition rate due to interface roughness scattering between two sub-
bands m and n is calculated as the way described in Ref [102, 25].
1
τIR,m→n
=
m∗∆2Λ2V 2o
h¯3
∑
i
(fm(zi)fn(zi))
2
∫ pi
0
dθ exp (
−q2Λ2
4
) (2.2)
Where, Vo is the band offset, fj(zi) is the amplitude of j
th wave function at ith
interface and q is the absolute value of two dimensional scattering vector defined in
equation 2.3. It has to be noted that step height, ∆, and correlation length, Λ, are
not measurable quantity instead it should be treated as a fitting parameters.
q2 = 2k2 +
2m∗Emn
h¯2
− 2k
√
k2 +
2m∗Emn
h¯2
cosθ (2.3)
Calculations of interface roughness scattering for different active regions men-
tioned in chapters 4 and 5 follows the same equations with ∆ = 0.4 nm and Λ = 7.5
nm.
2.3 Dominant Temperature Degradation Phenomena
Although significant advances have been made to model quantum transport in
quantum cascade superlattices [105, 47], the relative role of various mechanisms as
a function of temperature is not clear. The lack of convincing knowledge about the
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dominant temperature degradation mechanism for different kinds of designs impedes
further design improvements to achieve temperature-robust gain in terahertz QCLs,
such that room-temperature operation may eventually be achieved. In this section
we discuss three distinctly different transport mechanisms that depend sensitively on
temperature, that could potentially be the dominant cause of gain degradation with
temperature in existing terahertz QCLs. It must be emphasized that the relative
strength of different transport mechanisms is likely to be different in different types
of designs as classified in Fig. 2.1.
For an intersubband radiative transition from subband u → l with a full-width
half maximum linewidth of ∆ν centered at a frequency ν = (Eu − El)/(2pih¯), the
peak intersubband gain g (per unit length)
g ∝ ∆nul · ful
∆ν
(2.4)
where ∆nul is the three-dimensional inverted population density, ful ∝ z2ul is the
unitless oscillator strength, zul ≡ 〈u|zˆ|l〉 is the radiative dipole matrix element with
z being the dimension in the growth direction. With temperature, the intersubband
population inversion ∆nul decreases due to several reasons. Typically, the subband
u is populated from a reservoir (injector) subband i, and the carriers thus flowing
from i → u constitute a current-density Ji→u (in current per unit area). For a QCL
structure with a module length Lmod the following can be derived with rate-equations
∆nul =
Ji→u
eLmod
τu
(
1− τl
τul
)
(2.5)
where e is the electronic charge, τu and τl are non-radiative lifetimes of the respective
radiative subbands due to scattering into all other subbands, and τul is the u → l
non-radiative scattering time.
Figure 2.2 illustrates three distinctly different electron-transport mechanisms that
depend sensitively on the temperature of the 2D electron gas in the QCL superlattice
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Possible mechanisms for degradation of population-inversion/gain at high temperatures in THz QCLs
(a) -  Scattering of hot electrons by 
         emission of phonons
(c) -  Incoherent resonant-tunneling
         transport at high temperatures
i u
l
Coherent tunneling (slow dephasing)
incoherent tunneling (fast dephasing)
(b) -  Carrier leakage due to reabsorption
         of hot (nonequilibrium) phonons
Scattering to excited states by
reabsorption of hot-phonons
Escape to continuum
i -- injector (reservoir) state
u -- upper laser state
l -- lower laser state
Phonon
emission
e
Eigenenergies:
Potential energy profile and eigenenergies for a typical design
Figure 2.2 Temperature effects on electron transport in terahertz QCLs.
that is intrinsically linked to the lattice temperature of the QCL active medium.
It is to be noted that electron-temperature in various subbands is expected to be
higher than the lattice temperature, and a temperature differential in the range of
0 − 100 K has been predicted for resonant-phonon THz QCLs, which also varies for
different subbands. This was determined by both numerical calculations [17, 96] as
well as experimental observations [104]. The shown electron-transport mechanisms
directly or indirectly lead to a reduction in the population inversion ∆nul in the QCL
superlattice, and hence terahertz gain as in equation 2.4. In polar materials, electron-
LO-phonon scattering is by far the fastest (timescales of the order of 1 ps), however,
it is a resonant process which is allowed only if electrons can exchange an energy of
h¯ωLO, which is the energy of the optical phonons. Since photon energy h¯w < h¯ωLO,
population inversion is diminished due to thermally activated LO-phonon emission
from u → l [65]. The upper-subband lifetime decreases with temperature with an
inverse exponential relation τu→l ∝ e(h¯ωLO−Eul)/kBTe/(1+nLO) as shown in Fig. 2.2(a),
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where Te is the temperature of the 2D-electron gas in the upper subband, and nLO is
the LO-phonon occupation number in the lattice. In a nutshell, figure 2.2(a) illustrates
that electrons scatter from upper radiative subband u to lower radiative subband l by
emission of LO-phonons when the process is energetically allowed at sub-ps timescales.
Since the terahertz photon energy h¯ω < h¯ωLO, the LO-phonon energy, this process
becomes activated only at high-temperatures when the electron gas becomes hot,
which then destroys population inversion.
The lifetime of the upper radiative subband lifetime could be also be reduced by
LO-phonon absorption and scattering of electrons to upper excited state(s) such as
subband e as shown in Fig. 2.2(b), for which
τu→e ∝ e
(Eeu−h¯ωLO)/kBTe
nLO
(2.6)
The τu→e absorption is negligible since nLO  1 at typical maximum operating tem-
peratures for LO-phonons in equilibrium with the lattice (neqLO ∼ 0.14 at T = 200
K). However, presence of non-equilibrium phonons increases nLO and hence τu→e de-
creases. Both of the aforementioned mechanisms reduce the lifetime of the upper
radiative subband u, and hence the population inversion ∆nul as per equation 2.5.
Electron scattering into higher energy excited subbands becomes a possibility with
the presence of non-equilibrium (hot) photons in the semiconductor crystal, which can
then be absorbed by electrons to scatter into higher energy states and thus leak over
the barriers into the continuum of states above the wells, thus reducing population
inversion, as shown in Fig. 2.2(b).Thermal backfilling of the lower radiative subband
by re-absorption of LO-phonons by electrons in the injector subband(s) is also a po-
tential thermal degradation mechanism in THz QCLs. This is primarily because the
steady-state population of the injector subband is expected to be much greater than
in any other subband. Hence, even for nLO  1, significant population of electrons
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could scatter back into the lower radiative subband from injector subband(s). How-
ever, it was experimentally determined for resonant-phonon THz QCLs that thermal
backfilling is not the primary degradation mechanism by investigating operation of
designs with double-resonant-phonon depopulation schemes [116, 6]. This is likely due
to the fact that depopulation in such designs is interwell and occurs via a combination
of resonant-tunneling and electron-LO-phonon scattering.
A yet another important temperature degradation mechanisms that becomes crit-
ical for low-frequency designs is associated with resonant-tunnelling transport and is
illustrated in Fig. 2.2(c). Conventional terahertz QCLs rely on resonant-tunnelling
through a barrier from an injector (reservoir) subband i to inject electrons into the
upper laser subband u. However, at higher temperatures, coherence of electron-
wavefunctions is destroyed at picosecond timescales due to increased dephasing-scattering,
which reduces the efficiency of injection and results in fewer electrons being injected
into the upper laser subband. The following analytical expression is derived for the
current-density at a bias when injector subband i aligns with subband u [63]
Ji→u ≈ e n2D
2τu
(
1− 1
4Ω2iuτ‖uτu + 1
)
(2.7)
where, n2D is the 2D doping density in the QCL structure, 2h¯Ωiu is the energy splitting
at the anticrossing of subbands i and u (which depends on the shape of the electron
wavefunctions and decreases exponentially with the thickness of the potential barrier),
τu is the non-radiative lifetime of the subband u, and τ‖u ≡ ( 12τu + 1T ∗2 )
−1 is the
dephasing time for the tunneling process that has a lifetime broadening term as
well as a phenomenological collisional broadening term T ∗2 due to in-plane scattering
(caused by interface-roughness and impurities). As the operating temperature for the
superlattice increases, T ∗2 , τ‖u, and hence Ji→u all decrease as per equation 2.7, which
reduces the population inversion ∆nul as per equation 2.5.
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2.4 Waveguide Consideration
One of the hurdles to realize a THz QCLs were to design a new type of low loss
waveguide that supports terahertz propagation. Conventional waveguides as shown
in Fig. does not work in THz frequency regime, there are two considerations and
they are discussed below. Near-infrared and visible diode lasers uses dielectric mode
confinement such that the refractive index of core medium is higher than that of the
cladding medium. THz QCL’s active region comparises of GaAs/AlGaAs material
system. GaAs has higher refractive index than that of AlGaAs and hence GaAs
can not be used as cladding material and such waveguide structure can not confine
mode. Also, the thickness of cladding layers should be on the order of the radiating
wavelength. For 3 THz, radiating wavelength inside the semiconductor would be
∼30µm and hence it would be impractical to grow such thick cladding layer using
Molecular Beam Epitaxy (MBE), which has growth rate ∼1 µm/hr. Also in near-IR
or visible lasers, the cladding layer are doped however, in THz frequencies such doping
will significantly increases the loss due to free carrier absorption. Hence, to realize a
THz QCLs, there was a challenge to re-design waveguide as well.
x
zd n1
n2
n2
Figure 2.3 Schematic of conventional symmetric slab waveguide with n1 > n2.
In this section, I will briefly discuss about two popular choice of waveguides at
THz frequency range: semi-insulating surface plasmon waveguide and metal-metal
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waveguide and is shown in Fig. 2.4. The first semi-insulating surface plasmon (SISP)
waveguide was introduced in Ref. [101] and first THz QCLs [56] was demonstrated
using such waveguide.
Figure 2.4 Two popular waveguide structures at THz frequencies. (Figure adopted
from [59]). Figure on the left is metal-metal waveguide and on the right is
semi-insulating surface-plasmon waveguide with mode intensities plotted
along y-axis for both structures.
In SISP structure, the mode is confined by upper metallic contact on the top. A
thin (0.1 µm) heavily doped contact layer grown beneath the active region and above
the semi-insulating (SI) GaAs substrate. The doped layer is thinner than the own
skin depth, the mode extends substantially into the substrate as shown in Fig. 2.4.
The real part of refractive index of doped contact layer is negative, thus supporting
a surface plasmon mode that decays exponentially in the low-loss semi-insulating
substrate [60]. One of the important parameter to validate the waveguide structure is
the mode confinement factor. For a 2-D waveguide, in x-y plane, as shown in Fig. 2.5,
confinement factor can be calculated as in equation 2.8 [26].
Γxy ≈
∫ w/2
−w/2
∫ d/2
−d/2 |U(x,y)|2dxdy∫
x
∫
y
|U(x,y)|2dxdy (2.8)
where, |U(x,y)| is the electric field profile.
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Figure 2.5 Schematic of a waveguide with width w, height d and length l.
In other words, confinement factor is the ratio of electric field profile within the
waveguide to electric field in the area of consideration. SISP waveguide has a poor
mode confinement, the value of Γ ≈ 0.1 – 0.5. One main challenge would be to
implement such waveguides at lower frequencies. At lower frequencies, the wavelength
is larger than the active region thickness which significantly reduces confinement
factor and hence the overall loss of a waveguide is increased [55].
Another popular waveguide structure at THz frequency is the metal-metal waveg-
uide as shown in Fig. 2.4(left). In such waveguide, n+ GaAs layer (of SISP waveguide)
is replaced by the metal layer i.e., the active region is sandwiched between two metal
layers. Metal layers completely reflects all THz radiation and hence such waveguide
structure works like microstrip waveguide, as is used in microwave. Metal- metal
waveguides are less lossy with almost unity confinement factor [109]. One key chal-
lenge for realizing such waveguide is that it increases fabrication challenges as it
involves flip-chip wafer bonding but it enables very narrow laser ridges and efficient
heat removal of such lasers facilitates for high temperature operation of THz QCLs.
All record breaking temperature performance [13, 65, 38] has been achieved with
metal-metal cavities.However, there are two drawbacks inherent for such waveguides.
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Since the modes are squeezed inside the cavity because of the sub-wavelength dimen-
sion of the waveguides, their far-field beam pattern is very divergent [5]. The mirror
losses (αm = 1–2 cm
2) of metal-metal cavities are much smaller than the waveguide
losses (αw = 10–20 cm
2) thus <20% of generated photons can escape from the cav-
ity, which reduces the output power [110]. One advantange of implementing SISP
waveguide would be to improve the output power. All high power THz QCLs such as
in Ref. [73] has been implemented with SISP waveguide however compromising the
temperature performance.
a) b)
Figure 2.6 Comparision of mode shape of (a) metal-metal waveguide and (b) SISP
waveguide. (Figure adpoted from [110])
Fig. 2.6(a) and (b) shows a typical two-dimensional fundamental mode (lowest
mode) intensity pattern for a metal-metal and SISP waveguide respectively. Waveg-
uides can be modelled in Comsol using a Drude Model which estimates the change of
conductivity with frequency [109].
σ(ω) = n e
2 τ
m∗(1−iωτ (2.9)
where, n is the free carrier density, m∗ the effective mass of carrier, e is the electronic
charge and ω is the angular frequency. Using frequency dependent permittivity; (ω)
= core + i
σ
ω
, (ω) becomes:
(ω) = core
(
1− ωp
2τ 2
1 + (ωτ)2
+ i
ωp
2τ
ω(1 + (ωτ)2)
)
(2.10)
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where, ωp is the plasma frequency of the material and is defined as:
ωp =
√
ne2
m∗ core
(2.11)
From equations 2.10 and 2.11 it can be observed that permittivity is dependent on
scattering time, τ and frequency, ω. Other parameters such as effective mass, m∗ and
core are material properties. For GaAs/AlGaAs material system, a uniform effective
mass is considered, m∗ = 0.067×mo, where mo is the mass of electron. For simulating
a waveguide structure in COMSOL, following scattering time are considered: for
metal: 50 fs, for contact layer: 50 fs and for GaAs: 500 fs.
2.5 Introduction to SEQUAL
All active regions for THz QCLs, consisting of multiple quantum wells, described
in this Thesis uses SEQUAL and FISH1D for Schrodinger and Poisson Solver. Bound
state wavefunctions and their eigen-energies for the one-dimensional multiple quantum-
well were achieved using these solvers [59]. Unfortunately, not much information
about these solvers are easily available, however, the physics behind it is discussed
comprehensively in [122]. The solver does not account for band-bending and a uni-
form electron effective mass of m∗ = 0.067×mo is assumed for GaAs/AlGaAs multiple
quantum wells. The potential barrier height for the AlxGa1−xAs layer is considered
to be ∆Ec = 0.894 x eV which is equivalent to assuming 72% conduction band off-
set [59].For more information about these solvers, readers are directed to thesis by
Dr. Bin Xu [122] and Dr. Sushil Kumar [59].
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CHAPTER 3. Fabrication Procedures and Lab Set-up
This chapter primarily discussed procedure to fabricate a Metal-Metal Fabry-Perot
waveguide structures for Terahertz quantum cascade lasers and ways to characterize
such lasers.
3.1 Active Region Growth
As discussed comprehensively in Chapter 2, there are various kind of active region
to realize terahertz quantum cascade lasers. At Lehigh University, we focused mostly
on Resonant-Phonon and Scattering Assisted design strategies (more details to follow
on Chapters 4 – 6). Most of the wafers discussed in this Thesis are grown by molecular
beam epitaxy (MBE) at Sandia National Lab by Dr. John Reno. Different width
of wells and barriers are chosen and they are solely dependent of design type and
radiation frequencies.
Figure 3.1 shows a schematic of conduction band profile for a 3-well quantum
cascade active region. a – f indicates the thickness of different wells and barriers.
Material system used in this thesis is GaAs and AlGaAs, where the wells are composed
of GaAs and barriers are composed of AlGaAs. Each module consists of 3-wells (a,c,e)
and 3-barriers (b,d,f ). For most of the designs explained in Chapter 4, the thickness
of active region is 10 µm, unless stated. So, there are N numbers of repeated modules
to make total thickness of active region 10 µm.
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Figure 3.1 Schematic of conduction band profile for a 3-well quantum cascade active
region along with the growth direction when electric field is applied to
the heterostructure. Blue colors are for barriers and black is for the wells.
Figure 3.2 Illustration of a growth sheet. Thickness of each layers (a – f and
are indicated by (Ta – Tf ) in A (angstrom). Parenthesis indicates the
thickness in monolayer (ML). Barriers are indicated by blue and wells by
black. The red box indicates one-module which is repeated N times.
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Figure 3.3 Fabrication flow for the realization of M-M Fabry-Perot cavities for THz
QCLs.
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After designing active region, next step is to prepare the growth sheet and send
it to the grower. Growth is done at a substrate temperature of 630◦C. The first step
is to grow an etch-stop layer, Al0.55Ga0.45As on a GaAs substrate, generally 0.2 µm.
On top of etch-stop layer, 0.1 µm heavily doped n+ GaAs layer is grown. Following
these, the active region is grown, the period is repeated “N” times to achieve the
desired thickness. Following this, half period is grown (layers f,e,d), which serves as
an injector region. For contact formation, heavily doped GaAs are grown on top of
it and finally low-temperature growth (LTG) of GaAs completes the growth process.
LTG layer is grown at 250◦C. In illustrative figure 3.2, collector barrier, thickness Td,
is doped in the center with Nd cm−2 doping density.
3.2 Fabrication Procedures
I was one of the first student to join QCL Group at Lehigh University. My initial
work was mostly to optimize the fabrication procedure for THz QCLs. In this section
I will describe the clean room fabrication procedures for fabricating THz QCL laser
based on Metal-Metal (M-M) Fabry-Perot (FP) waveguide structure. In Chapter –
7, I will elaborate more to fabricate Distributed-Feedback (DFB) QCLs.
After the wafer is grown at Sandia National Lab, they validate the growth by X-ray
Diffraction (XRD) and regrow it until the thickness is within ± 2%. So in Chapters 4
– 7, I will discuss multiple wafers with the same active region design. All the packaged
wafers are opened in clean room and cleave it in 1.2 cm × 1.2 cm dimension and are
termed as substrate wafers. 3” n-doped GaAs wafers are brought from AXT and they
are referred to are receptors from here onwards. The term receptors are used for such
wafers because of the fact that the active region is transferred to it. Receptor wafers
are cleaved slightly bigger 1.4 cm × 1.4 cm dimension. This receptor wafers can be
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used for handling purpose and hence are bigger than the substrate wafers. The first
step is to clean the epi-side of both wafers with buffered-oxide-etch (BoE) solution.
And taped-it on to Silicon substrate for metal deposition.
Both wafers are coated with metals. Metal (Ti/Cu or Ta/Cu) is deposited in
epi-side. Ti/Cu deposition is straight forward. 200 A˚of Ti is deposited at 1 A˚/sec
and 4000 A˚of Cu is deposited under 3×10−7 T vacuum by e-beam deposition. To
evenly deposit metal, the system is set for planetary rotation. However, depositing
Ta/Cu is slightly tricky. While depositing Ta (200 A), the temperature in the chamber
increases rapidly which creates stress in Ta film. Although the temperature shown in
display is not the exact temperature of the chamber but depositing 200 A continuous
the temperature reaches 60◦C. For Ta deposition, it is better to deposit at the step
of 100 A and wait for 25 minutes in between deposition. After Ta deposition, it is
advised to wait for 30 – 40 minutes and deposit Cu. Next step is to bond these two
wafers together. A thermo-compression bonding tool 3.3(2) is custom built for this
purpose. This bonding tool consists of a Mechanical Jig (for applying pressure) and
an Oven (for applying temperature). The wafers are aligned at one edge and pressure
is applied by screwing the mechanical jig. Silicone spacers are used on either side
of the the mechanical jig for uniform distribution of pressure and placed in the oven
at 310◦C for 75 minutes. The exact amount of pressure applied is hard to calibrate,
however, it has been noticed that if too much pressure is exerted on wafers, they will
break and it will not bond if less pressure is applied. After multiple iteration, now
such custom built system has an yield of almost 90%. Nitrogen is flown in to the
chamber 10 minutes prior to bonding so that all air is removed from the chamber and
wafer bonding is performed in ambient air. The wafer quality has been comparable
to that of commercially available wafer bonding tools.
Next step is to deposit ∼400 nm SiO2 on both side of wafers. This has two fold
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advantages: i) it provides mechanical stability while polishing and ii) protects the
side and back of wafers while etching. The wafers are transported out of the clean
room for polishing the wafers. Undesired GaAs is removed from the substrate in this
step. While removing GaAs, oxide deposited on the substrate side is also removed.
• Clean the chuck (with solvent) and place it in chuck-head. Fix pressure sensor in
the platen with double-sided tape. Lower the chuck-head until pressure sensor
shows 100. Rotate chuck-head. There are three position where you can check
the pressure and adjust the micrometer attached to align it. Align it until
uniform pressure is displayed in the sensor.
• Melt the wax (∼120◦C) in chuck. The wax has to be melted completely so that
the wafer can be moved with ease. The wafer should be laid uniformly in the
wax (i.e., wax should be distributed evenly beneath the wafer). Cool the chuck.
• Measure the thickness of the wafer stack at different position with thickness
of chuck set to be zero. It is desirable to have uniform thickness (<10µm)
throughout the wafer. If not, then re-mount wafer in the chuck.
• Add water in the platen and put SiC polishing paper (grit size: 320). Hold it
securely with the ring and fill wafer on top of the polishing paper. Fix chuck in
the chuck-head and tighten it securely.
• Rotate platen (10 – 15 RPM) and chuck (Speed 2). Continuously flow wafer
near the chuck head. Note that over polishing will remove etch stop layer.
Polishing should be stopped when approached (∼100 – 150 µm) close to the
etch-stop layer, as shown in Fig 3.3(3).
• After polishing desired thickness, remove the chuck head, clean it with running
water, wipe it with kim wipe and then place in the hot plate. Once the wax
melts, slide the wafer towards the edge of the chuck and gently pull out the
wafer. Clean wafer with solvents. Measure the final thickness.
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After polishing, take wafers in to the clean room. Clean wafer box and wafer
with solvents and dab back side of receptor with S1813 (using Q-tip). Place it upside
down (with photoresist up) in aluminium carrier and place it in oven at 120◦C for 20
minutes.
Next step is the most critical step, wet-etching 3.3(4) and (5).
• Prepare a solution of 1:19 :: NH4OH:H2O2 (50 mL : 950 mL).
• Keep wafer in a dip stick and then dip it in a beaker with the etchant. Keep on
agitating. After some time (generally 10 – 15 minutes) some films start to peel
off from the substrate when striking (gently) dip stick against the beaker wall.
When that films peel off completely, change the solution.
• Keep on agitating. Once the substrate is removed, etch stop layer is exposed.
This generally can be seen by the change in color. When etch stop layer is
exposed, first it is noticed on the edge of the wafer. Keep on agitating until
etch stop layer is exposed throughout the surface of the wafer.
• If polishing has happened evenly, the etch stop layer will be exposed in circular
fashion and etching completes at the center. If the polishing has not happened
uniformly, then the place where its thinner, etch-stop layer exposes first and it
exposes later for thicker area. Also, if there is huge difference during polishing,
(>10 – 15 µm) then, even etch-stop layer will be etched away as well.
• Once the etch stop layer is exposed completely, wash it off in 2- DI water beaker
and blow with nitrogen.
Etch stop has high concentration of Al so, it is easily gets oxidized and hence, it
has to be removed immediately. Before removing etch stop layer, remove photoresist
with solvent.
• Etch stop layer is removed by HF. Pour 100 – 200 mL HF in a plastic beaker,
prepare 3 beakers with DI water and 1 (can be glass) beaker for H2O2.
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• Place wafer in a dip stick and then agitate it until etch stop has been removed.
Wash it in 2 different DI water beaker. Generally, there would be black spots
on the surface. Wash it in H2O2 beaker and in DI water beaker. Again agitate
it in HF and check if it has removed completely. Repeat until a shiny surface
is noticed.
• When agitating in HF, copper from the receptor wafer gets peeled off. However,
any oxidized copper dipped in H2O2 cleans the copper.
• In this step, usable area can be quantified and also is an indicator of bonding
quality.
Once the etch stop layer has been removed contact layer can be removed just
before photolithography as they do not get oxidized as etch stop layer does. It has
been noticed in [19] that this solution ages with time and needs to be prepared every
hour. If the etchant is old, the etch time is longer.
• Prepare a solution of 1:8:80 :: H2SO4:H2O2:H2O in a big glass beaker. Whenever
making such etchant, atleast have 10 mL of H2SO4. Prepare 2 beakers with DI
water for rinsing.
• As opposed to etch stop layer, contact layer etching is mostly determined by
time. Choose time according to the mesa etching time in previous fabrication
run. Generally to remove 0.1 µm, 20 seconds of etching should be enough.
Top waveguide metal is defined by image reversal photolithography. For Image
Reversal Photolithography, AZ5214 EIR photoresist is used and they are stored in re-
frigerator however, they should be in room temperature while using. Photoresists are
sensitive to UV light, hence there is no light in refrigerator and photoresist comes in
amber bottle to nullify IR exposure to photoresist. After image reversal photolithog-
raphy, BoE dip all wafers for 5 – 10 seconds before taping it to Si wafers.
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• Depositing Ti/Cu/Au is straight forward.
• Depositing Ta/Cu/Au is tricky. As discussed previously, with Ta the temper-
ature of the chamber increases rapidly. Various different approach has been
tried. But for all approaches, 200 A Ta is deposited in step of 100 A and waited
for 15 minutes in between. Waiting longer time would degrade photoresist and
there would be difficulty during lift-off.
In our group, we have tried sputtering for top metal. Although the device lased
but temperature performance was poor than that of e-beam metal. Also, most of the
ridges peel off during wire bonding for sputtered metal.
Top metal deposition is followed by lift-off process. If the quality of image reversal
photolithography is good and top metal has been deposited properly, metal lifts off
easily. Keep device in a petri dish and soak it with acetone for 1 – 2 minutes. After
that with squirt gun, squirt acetone to device directly (while the device is still in
petri dish). After all metal is lifted up, pour little acetone in a small beaker and
use ultrasonicator for 30 seconds. All openings (aperture) would be opened. Check
under microscope. If all metals are lifted, clean with solvents and blow with nitrogen.
When the lifted metal is observed under microscope, they look spiral with golden and
black color.
Next step is to define the cavity. Mesa lithography 3.3(7) is done with S1813
photoresist. The purpose of this lithography is to facilitate for etching the ridges.
For S1813 photoresist, exposure of g-line 150 mJ/cm2 is needed. Once S1813 is hard
baked, it will act as a mask for etching and follow mesa-etching.
• Prepare a solution of 1:8:80 :: H2SO4:H2O2:H2O. Whenever making such etchant,
atleast have 10 mL of H2SO4.
• As opposed to contact layer removal, mesa etching is more tricky. You have
to be careful throughout the etching time. Continuously monitor the wafer in
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direct light. The wafer has to be placed such that there is a complete reflection
of the lights. Etching rate is slower than NH4OH:H2O2 etchant.
• After few minutes of agitation, look under the microscope whether the device
is being etched or not.
• Continuously check under the light and agitate the wafer. Once GaAs reaches
near the bottom metal, a rainbow like color is noticed and it generally is visible
at the center and spreads towards the edge. Keep on agitating for additional 1
minutes after the rainbow disappears. This change in color will be only visible
when the device is reflecting all the lights else not and also this change in color
is very faint and happens for a short time so, need to be very careful while
etching.
• After etching, check device under microscope. If it has not been completely
etched, etch it again. As discussed earlier, change etchant every hour.
It has to be noticed that while doing image reversal photolithography, the ridges
have to be aligned perpendicular to the major flat. This gives better etching profile
on the side walls 3.4.
Fig. 3.4(a) shows the SEM image of THz QCLs when the ridges are aligned parallel
to the major flat and Fig. 3.4(c) is when the ridges are aligned perpendicular to
the major flat. Fig. 3.4(b) and Fig. 3.4(d) are the zoomed-in version of Fig. 3.4(a)
and Fig. 3.4(b) respectively. In the zoomed figures, we can clearly see the bonding
interface between the substrate and the receptor wafers and the imperfection reflects
the bonding quality. Also, it can be noticed that when the ridges are aligned parallel
to the major flat, there is an outward slope and an under-cut which deteriorates the
current transport and hence the temperature performance of such wafer. However,
when the ridges are aligned perpendicular to major flat, the slope is reduced and
more importantly there are no under-cuts.
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Figure 3.4 SEM images to understand the etching profile of GaAs.
The next step is to polish the receptor wafer. Although with metal-metal waveg-
uide the mode does not propagate to receptor however, for ease of cleaving and better
heat removal, back side of the receptor has to be polished. Total thickness of the wafer
stack is ∼ 200 – 230 µm.
• Polishing method is similar to what was done for substrate but this time the
wafer stack has to be inverted such that ridges faces towards wax. While lev-
elling, little force should be applied and make wafer should not move around
while mounting. This will hamper the metal on the ridge.
• While mounting wafer, always note the direction of ridge and while dismounting
wafer, always pull along the ridge direction.
• For last ∼ 50 µm, polish with small grit size (30 µm) polishing paper. This will
make back side much smoother.
The final step is to deposit bottom metal for electrical contact. Ti/Cu/Au stack
45
of 200 A˚/2000 A˚/800 A˚is deposited either by e-beam evaporation or sputtering and
hence concludes the fabrication procedure.
3.3 Mounting Device
Laser mounting is very important for high power lasers. However, since THz QCLs
are still in R & D phase, it is more straight forward.
a)
Copper Chip Indium
LCC
b) c)
d) e)
Figure 3.5 a) Schematic of top-view of a processed THz QCL chip b) Schematic
of mounted device c) Optical image of a mounted device as compared
to a dime d) Optical image of a THz QCL chip mounted with a light
capturing optics e) Optical image of the whole mount placed inside a
cryogenic system.
Fig 3.5a) shows the top-view of processed THz QCL chip with different width.
From the chip, a small part is cleaved. Cleaving will define the mirror for the cavity.
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These laser bar is mounted in a oxygen-free high-conductivity (OFHC) copper chip
designed specifically for the purpose. OFHC copper chip is first polished and cleaned
it with the solvent and general purpose acid flux is applied on top of it. Lead less chip
carrier (LCC) is attached to the copper chip using lead based solder. Apply solder on
the bottom of LCC and put it in a hot plate at 235◦C. Apply acid flux before placing
it in a hot plate which will aid to evenly distribute solder and also will prevent copper
chip carrier from oxidation. Polish the copper chip at the area where laser bar is to
be mounted and clean with solvent. An indium foil is cut in to a size such that it is
smaller than the laser bar. Apply acid flux on indium foil and on copper chip. Indium
foil is placed on top of copper chip and laser bar is placed on top of it. Place the whole
thing in a hot-plate. Indium is melted at ∼165◦C and apply a little pressure (with
a tweezer) on the wafer. Once the indium is melted, turn off the hot plate and keep
on pressing the laser bar. Indium solidifies quickly and then remove the copper chip
from the hot-plate. Observe all the areas beneath the laser bar, the laser bar should
lay flat on copper chip with a thin layer of indium below. The quality of die-bonding
is important for heat removal and consequently for CW -operation. Clean the acid
flux with solvent and polish the copper chip on the bottom side. Once the copper
chip is placed in a hot plate, it will get oxidized. The next important step is to wire
bond laser bar to the LCC. Fig. 3.5b) shows the schematic of a mounted laser bar on
a copper chip with two-wires on top. The dimension of laser bar is very small and
also the copper chip. Fig. 3.5c) shows the optical image of the chip as compared to
the United States Dime.
Once the device is wire bonded, next step is to make ready for the characterization.
Fig. 3.5d) shows an optical image of a copper mount with a temperature sensor
mounted near the device. The copper chip is screwed in to the copper mount and in
between, we place an indium foil for better heat removal. Indium should cover atleast
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75% of the copper chip. On the facet side of the laser bar, a light collecting optics,
Winston Cone, is attached which will collimate all the light towards the window and
subsequently towards the detector. On the other side of copper chip, LCC is soldered
to SMA male connector 1. Low temperature grease is applied on the bottom part of a
copper mount and is mounted inside the cryogenic system (Fig. 3.6) (either cryostat
or cryocooler). Copper mount is securely screwed to the cold plate of cryogenic system
and SMA female connector with co-axial cable is used for biasing from outside of the
system.
3.4 Cryogenic System
Fig. 3.6 shows two available cryogenic system at QCL group, Lehigh University.
Fig. 3.6a) shows the dewar purchased from IR-labs and all electrical connections are
made at the lab. The operating temperature of dewar is dependent on the cryogenic
coolant. With liquid nitrogen it can go down up to 77 K and with liquid helium
it can operate at around 4 K. Since liquid helium is expensive, we never tried to
operate at such low temperature. Fig. 3.6b) is for the cryocooler purchased from the
Sunpower Inc. When purchased, such cryocooler did not have a vacuum chamber
and all vacuum adaptation has been made in-house at Lehigh University along with
all electrical and optical throughput. One advantage of cryocooler is such that the
temperature can go down up to 46 K without the need of cryogenic coolant and it is
more of a plug-and-play. The windows are generally made of transparent materials
at terahertz frequencies, such as TPX or HDPE.
1Later it has been noticed that the device performance will not have any effect if the SMA male
connector is removed and directly solder co-axial cable to the LCC. In later stage of measurements,
the SMA male connectors were not used.
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a) b)
Figure 3.6 a) Cryostat purchased from IR labs b) Cryocooler purchased from Sun-
power.
3.5 Device Characterization
The first step of measurement of Terahertz (THz) Quantum Cascade Lasers (QCLs)
is to check whether the device is lasing or not, estimating threshold and peak current
density (and voltage) and checking the presence of NDR.
3.5.1 General Measurement
Fig. 3.7 shows the set-up for general measurement. Current in the device is col-
lected from the center BNC connector of the current probe and voltage is collected
from one of the port in T-Connector. Pyroelectric detector is aligned to the Win-
ston cone located inside the dewar manually. Set both the channels and trigger in
Oscilloscope to 50Ω input.
• In waveform generator, set the frequency of trigger to 1 KHz, Square Wave and
connect this trigger output to the trigger of Lock-in-Amplifier (LIA), Oscillo-
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Figure 3.7 Set-up for general measurement.
scope and also to the gate of the AvTech Pulser. Gate of Avtech is located at
the rear end of the pulser and is generally connected.
• In Avtech, set 100 KHz frequency with pulse duration of 200 ns (which is 2% duty
cycle). But since Avtech is gated with 1 KHz, its effective duty cycle would be
1%. This is the general setting which can be changed as per requirement. Also
set Zout = 50Ω.
• In LIA, set time constant as 300 ms. And output of pyroelectric detector is con-
nected to the input of LIA.
• Both current and voltage probe are connected to the channels CH1 and CH2 in the
Oscilloscope.
• Increase the output voltage amplitude of the pulser and measure both current and
voltage across the device through oscilloscope. Note any abnormalities observed
during the measurement (such as Negative Differential Resistance) and the pulse
shape. It is better to note down the current density in the device rather than
the current itself.
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• Measure current and voltage throughout the range. While increasing the output
voltage, we have to notice the reading in LIA. When the device starts to lase,
then there would be an increase in the reading of LIA. When the reading in
LIA increases block the path (from laser to pyroelectric) with paper and notice
the reading in LIA, it should decrease which confirms that the laser is actually
lasing. The value in LIA increases until it reaches a peak and then will decrease.
Note the reading for threshold and peak value. Auto phase in LIA will help
to maximize the reading. When the reading in LIA increases block the path
(from laser to pyroelectric) with paper and it should read to almost zero. This
indicates that the device is lasing.
• Once we know the peak, set output voltage of pulser at that voltage and manually
adjust pyroelectric to obtain the maximum value.
3.5.2 Light-Current-Voltage Measurement
Set up for Pulsed Light-Current-Voltage Measurement is shown in Fig. 3.8. All the
connections are similar to the General Measurement but now we will measure current
and voltage from the Box Car Averager (BCA) instead of that from the Oscilloscope.
Turn on BCA 20 - 25 minutes before measurement. Trigger BCA and connect Gate
Monitor to oscilloscope. The gate signal of BCA should lie on the flat part of the
current/voltage pulse, if not then it should be shifted. If the BCA is not warmed up,
then the gate signal will fluctuate so it is always a good idea to constantly monitor
gate pulse.
Connect current probe output to BCA’s input and BCA output should be con-
nected to Digital Multimeter (DMM). Adjust the reading in BCA such that when
no voltage is applied from avtech, DMM should read almost zero. Try to adjust the
offset to minimize DMM reading.
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BCA can only detect signal below 2V so, to measure voltage from BCA we need
to use Voltage Divider, which divides the voltage by 10 times. Since the current we
measure is less than 2 A, we do not need this while measuring current. Since we have
only one BCA, we have to run it twice to measure voltage and current.
Dewar
Pyroelectric
Detector
Digital Multimeter
Lock-in Amplifier
Digital Multimeter
Box car averager
Current Probe
Pulser
Temperature 
Controller
Figure 3.8 Set-up for L-I-V-T measurement.
• Settings on Avtech pulser and waveform generator is same as that for General
Measurement.
• For LIV measurement, output of LIA is connected to the DMM and output of BCA
is also connected to DMM.
• Make connections as shown in Fig. 3.8 and run by Lab View code.
• For temperature dependence LI, pour the liquid nitrogen from the dewar, align the
pyroelectric detector, remove the voltage probe and turn on the heater inside
the cryostat. Measure LI continuously.
3.5.3 Spectrum Mesurement
For measuring the spectrum of device, the connection is similar to that for the
Pulsed LI measurement but without pyroelectric detector and LIA and without volt-
age probe. And also, remove the gate probe connected to the Avtech so that the duty
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cycle is increased such that even the small signal is observed in spectra. Make sure
there is enough liquid nitrogen in the dewar to perform the measurement.
The FTIR at QCL group has additional feature to pump the system down to 4
hPa. To measure spectrum under vacuum, fix vacuum adaptation and this have to be
attached with the vacuum adaptation located in Bruker FTIR. For measuring spectra
at THz range, use Si beam splitter and DTGS detector with PE.
DTGS detector
BS
OAP 
mirror
Mirror
Mirror
OAP 
mirror
Dewar 
AVTech
1
0
INT:100KHz
DLY:0.00ns
PW:200ns
Zout:50Ω
Load:50Ω
Output:on
OUT
SYNC
OUT
FTIR
Figure 3.9 Set-up for spectra measurement. (Figure courtesy: Le Zhao.)
3.5.4 Power Mesurement
Power is measured by the Calorimeter detector. The set-up is similar to that
of L-I-V-T measurement however with calorimeter rather than pyroelectric detector.
The astral output of Calorimeter is connected to the astral input of the power meter.
The analog output of power meter is connected to the DMM.
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• Calorimeter detector has an isoperibol enclosure and which is much larger than
the diameter of winston cone. So when measuring power, isoperibol enclosure
should completely cover the range of winston cone.
• When Calorimeter is faced towards the cold window, the reading in the power
meter goes below 0 so to measure power, we need to bias Calorimeter with DC
voltage source and then we can see higher value in the power meter.
• Bias the device at peak bias condition and see the reading in power meter and note
the value in power meter and in DMM.
• Reduce the bias well below the threshold voltage and recode the value in power
meter and DMM. The difference between these two values is the output power
of the device.
• Repeat the above two steps couple of time and when the difference remain constant,
that would be the output power of the device.
• To attain peak output power, normalize the value as if we are providing CW bias
to it.
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CHAPTER 4. Terahertz QCL With Low Threshold
Current Density
4.1 Introduction
This chapter describes the various terahertz QCL active region designs based on
Resonant-Tunelling injection and Resonant-Phonon depopulation scheme that have
been experimentally realized during the course of this thesis. It includes all designs:
successful and the unsuccessful ones. Such design strategies has a better temperature
performance at ν > 2.5 THz. More information on such active region designs can be
found in [59], [19] and on review papers such as [110], [60], [53] .In this chapter, I will
discuss our design strategies to lower the threshold current densities of THz QCLs
and verify it with the experimental results. As stated in Chapter 3, the epitaxial
growth is very important towards the realization of QCLs and our collaborators at
Sandia National Lab sent multiple wafers for the same wafer if the growth thickness
is ≥ ±2% of the desired thickness. All grown wafers were fabricated atleast twice
and its characteristics has been measured multiple times. Best experimental results
are reported in this chapter.
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4.2 Conventional Terahertz Quantum Cascade Lasers
Most of the THz QCLs with superior performance have been implemented with
15% Al content in barriers. In this section, I will discuss some of our designs with 15%
Al content in GaAs/AlGaAs heterostructure along with the experimental results..
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Figure 4.1 (a) One module conduction band diagram for 3W4S220 at designed
bias, 55 mV/module. Starting from injector barrier, layer thick-
nessses in ML (monolayers) are (barriers are indicated by bold face)
17/31/10/29/15/59. The average doping in the active region is 6.154×
1015cm−3. (b) Corresponding anticrossing plots with indicative anticross-
ings of various subband alignments at respective bias.
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Figure 4.2 G-I-V characteristics of 3W4S220 (wafer No. VB0498) measured at 78
K from 1.0 mm × 150 µm device area with 200 ns pulse width repeated
at 100 KHz and gated at 1 KHz.
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Fig. 4.1(a) shows one module conduction band diagram for 3W4S220 (wafer No.
VB0498). This design is similar to the best reported THz QCLs [65, 38]. However
there was no radiation from this device. However, there was a sharp NDR observed
in the structure which means the current transport was not an issue but there was no
gain for lasing. Fig. 4.2 is the experimental results of 3W4S220 measured at 78 K.
We further designed two more active regions with 15% Al content in barriers.
The stark difference between these designs as opposed to 3W4S220 is larger oscil-
lator strength. Also we further reduced injector and collector anticrossings to less
than 2 and 4 respectively for better current transport. Such designs are considered
to be robust and has higher chances of lasing than 3W4S220. Fig. 4.3(a) and (b)
represents one module conduction band of 3W4S224-M1 and 3W4S226-M2 respec-
tively. Fig. 4.3(c) and (d) are corresponding anticrossing plots for 3W4S224-M1 and
3W4S226-M2 respectively. In fig. 4.3(c) and (d), it can be noticed that the anticross-
ing values for both designs are similar and less than that in fig. 4.1(b).
We received one wafer (VB0602) for 3W4S224-M1 and two wafers, VB0603 and
VB0604 for 3W4S226-M2. VB0603 was grown 3.14% lower and VB0604 was grown
0.51% lower than requested thickness. Their I-V characteristics were similar and
hence results from VB0604 is only reported in fig. 4.4(b). Both of these devices were
measured at 78 K and G-I-V characteristics are reported in 4.4(a) and 4.4(b) for
VB0602 and VB0604 devices.
VB0602 device does not show any features either in IV or GV characteristics.
For devices VB0603 and VB0604, they both have rough IV characteristics and hence
their GV curve does not give any useful information. For non-lasing wafers VB0602,
VB0603 and VB0604, all three wafers are based on very similar designs, for which the
expected current density is typically in the range of 500–800 A/cm2 at ∼ 14 V bias.
However, all 3 of these wafers almost behaved similarly, much higher than expected
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Figure 4.3 (a) One module conduction band diagram for 3W4S224-M1 at de-
signed bias, 53 mV/module. Starting from injector barrier, layer thick-
nesses in ML (monolayers) are (barriers are indicated by bold face)
18/32/8/28/16/57. The average doping in the active region is 6.68×
1015cm−3. (b)One module conduction band diagram for 3W4S226-M2
at designed bias, 53 mV/module. Starting from injector barrier, layer
thicknesses in ML (monolayers) are (barriers are indicated by bold face)
18/33/8/27/16/57. The average doping in the active region is 6.68×
1015cm−3. (c) and (d) Corresponding anticrossing plots with indica-
tive anticrossings of various subband alignments at respective bias for
3W4S224-M1 and 3W4S226-M2 respectively.
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Figure 4.4 (a) G-I-V characteristics of 3W4S224-M1 (wafer No. VB0602) measured
at 78 K from 0.8 mm × 100 µm device area with 200 ns pulse width
repeated at 100 KHz and gated at 1 KHz. (b) G-I-V characteristics of
3W4S224-M2 (wafer No. VB0604) measured at 78 K from 0.9 mm ×
80 µm device area with 200 ns pulse width repeated at 100 KHz and
gated at 1 KHz.
current densities. There were no ”resonant-tunnelling” features in the I-V, and the
current density was in the range of 1200–1700 A/cm2 at ∼14 V bias. The designed
doping was ∼ 6×1015 cm−3. And if the background doping is higher (or similar) to
desired doping value, it would certainly explain the experimental observations. For
the observed behaviour to happen, the background doping must be in the high 1×1015
cm−3 range, which lets p-type hole transport take over and dominate. There are three
ways that can be thought to consider holes in QCL active region and they are all bad
for such lasers. First is ”extra carriers”. Generally it is considered that more carriers
as bad in THz QCLs since they will absorb photons and thus act as an additional loss
mechanism. Second, the holes actually consist of a mobile hole and a fixed negative
ion. The extra fixed charges would be scattering sites for the carriers which would
increase the resistivity. Third, the electrons and holes could recombine emitting a
non-THz photon and thus lower the available electron density thus decreasing the
conductivity and the number of THz photon being generated. 1 Hence the non-lasing
behaviour of these devices are attributed to the growth issue and also it has to be
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noted that all three wafers were grown at the same time.
The higher and lower frequency generation with THz QCLs based on GaAs/AlGaAs
is very tricky. In this section, I will discuss our attempt to design a laser that can radi-
ate high frequency. The LO-phonon energy of GaAs is ∼36 meV which is equivalent to
∼ 8.7 THz. For the designs discussed in this section, we employed Resonant-phonon
depopulation technique which means that the energy separation between subband 2
and 1 should be atleast 30 meV. So, operating at higher frequencies will be challeng-
ing since with 15% Al content in barrier, the barrier height will be ∼135 meV and
desiging at higher frequencies means energy separations between subbands will also
be higher, forcing the injector level to be near the edge of conduction band.
Fig. 4.5 shows the one-module conduction band of 4W4S197 at designed bias. It
is based on 4-well period as that of RTRP4W159 4.14(a). The collector anticrossing
is detuned i.e., it happens before the designed bias (or injector antricrossin).
For 4W4S197 design, we received two wafers: VB0496 and VB0497. VB0496 was
grown 2.4% low and VB0497 was grown 0.5% high than requested thickess. They both
show similar transport characteristics in fig. 4.6 (a) and (b). For VB0496, a small
discontinuity at ∼15 V, ∼150 A/cm2 is because of the relay switching in the pulser.
The resonant-tunnelling features in both wafers indicate that the design strategies
needs to be changed.
So far, all our designs with 15% Al content in barrier did not lase. The active
regions designed around 3 THz should have worked since we followed robust design
technique. We still pursued other designs with 15% Al content in barrier and aimed
at around 4 THz.
Fig. 4.7(a) shows one module conduction band diagram for RTRP3W200 at de-
signed bias. The injector anticrossing, ∆1′4 = 2.04 meV, happens at designed bias,
1Personal communication with Dr. John L. Reno at Sandia National Lab.
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Figure 4.5 (a) One module conduction band diagram for 4W4S197 at designed
bias, 67 mV/module. Starting from injector barrier, layer thick-
nessses in ML (monolayers) are (barriers are indicated by bold face)
13/23/10/22/9/30/15/58. The average doping in the active region is
5.898× 1015cm−3. (b) Corresponding anticrossing plots with indica-
tive anticrossings of various subband alignments at respective bias for
4W4S197.
56.5 mV/module and collector anticrossing, ∆32 = 4.39 meV, happens at 57 mV/module.
Oscillator strength is ∼0.6 and the module is repeated 200 times, so, the total thick-
ness of active region is ∼9 µm. The active region was designed to radiate at 4.4 THz.
From the anticrossing plot, fig. 4.7(b), we can see various lower parasitic channels
and channel 1’2 is considered more dominant for such designs [65].
We received three wafers for RTRP3W200 designs: VA0617, VA0618 and VA0619.
VA0617 was grown 5.1% lower, VA0618 was grown 4.44% lower and VA0619 was
grown 1.7% higher than the desired thickness. Fig. 4.8(a),(b) and (c) shows the
experimental characteristics of VA0617, VA0618 and VA0619 lasers respectively. One
similarities of these devices was that the threshold current densities for all of them
were higher than expected. There is a slight difference between the spectra for these
devices and they may have occurred because of the growth variation and/or the length
of devices. Complete I-V characteristics of these devices could not be measured
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Figure 4.6 (a) G-I-V characteristics of 4W4S197 (wafer No. VB0496) measured at
78 K from 1 mm × 100 µm device area with 200 ns pulse width repeated
at 100 KHz and gated at 1 KHz. (b) G-I-V characteristics of 4W4S197
(wafer No. VB0496) measured at 78 K from 1.1 mm × 80 µm device
area with 200 ns pulse width repeated at 100 KHz and gated at 1 KHz.
because of the limitation in power supply. The maximum temperature operations for
VA0617, VA0618 and VA0619 were 98 K, 104 K and 108 K respectively.
Another successful design with 15%-Al content in barrier for resonant-phonon de-
sign is RTRP3W202. Total thickness of active region was ∼9 µm with injector and
collector anticrossings: 1.80 meV and 3.95 meV respectively. The designed bias (when
the injector anticrossing happens) is at 61 mV/module and collector anticrossing hap-
pens at 59 mV/module. The oscillator strength is 0.51. The active region is designed
to radiate at 4.48 THz and parasitic anticrossing, (∆1′2 = 0.395 meV, happens at 39
mV/module.
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Figure 4.7 (a) One module conduction band diagram for RTRP3W200 at de-
signed bias, 56.5 mV/module. Starting from injector barrier, layer thick-
nessses in ML (monolayers) are (barriers are indicated by bold face)
17/31/6/32/14/60. The average doping in the active region is 1.34×
1015cm−3. (b) Corresponding anticrossing plots with indicative anticross-
ings of various subband alignments at respective bias for RTRP3W200.
Electro-optical charactristics of RTRP3W202 (Wafer No. VB0660) is illustrated
in fig. 4.10. Wafer VB0660 was grown 1.45% lower than the desired thickness. The
threshold current density of this device was ∼700 A/cm2. In LI characteristics, it
looks like the threshold current density is ∼600 A/cm2 but spectra can not detect any
radiation at that current density. It happened mostly because of the imperfection in
current pulse.
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Figure 4.8 Electro-optical characteristics of RTRP3W200 (a) wafer No. VA0617
(b) wafer No. VA0618 and (c) wafer No. VA0619. L-I characteristics
were measured with 200 ns pulse width repeated at 100 KHz and gated
at 1 KHz. Spectra were measured with 200 ns pulse width repeated at
100 KHz, without gating and peak optical power was measured with 300
ns pulse width repeated at 100 KHz without gating. The width of all
devices were 100 µm and length were 0.9 mm, 0.8 mm and 0.9 mm for
VA0617, VA0618 and VA0619 lasers respectively.
65
GaAs/Al0.15Ga0.85As
61 mV/module
x202
1
23
4 1'
Δ1'4 = 1.80 meVE43 = 18.4 meV
Δ32 = 3.95 meVE21 = 37.9 meV
f43 = 0.51
2
4
6
8
10
20 40 60 80 100
|E
| (m
eV
)
Bias (mV/module)
Δ1'4
Δ32
Δ1'2
Δ42
Δ1'3
a) b)
Figure 4.9 (a) One module conduction band diagram for RTRP3W202 at de-
signed bias, 61 mV/module. Starting from injector barrier, layer thick-
nessses in ML (monolayers) are (barriers are indicated by bold face)
19/29/7/30/16/57. The average doping in the active region is 5.60×
1015cm−3. (b) Corresponding anticrossing plots with indicative anticross-
ings of various subband alignments at respective bias for RTRP3W202.
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Figure 4.10 Electro-optical characteristics of RTRP3W202 (wafer No. VB0660).
From threshold to peak, the device predominantly radiate at ∼4.3 THz.
The maximum temperature performance of this device was upto 119 K.
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We further tried different design strategies. Fig. 4.11a) is the two module conduc-
tion band profile of IL298 design, where IL represents “Injector Less”. Such designs
are slightly different than that of conventional resonant phonon structures as men-
tioned earlier. The electrons from 1’ is injected to level 5 which serves as an upper
lasing level and the transition from 5 → 4, which is also equivalent to 2 → 1, is set
∼ 3 THz with oscillatory strength 0.46. Such design strategy is new in itself where
depopulation happens because of LO-Phonon absorption from 5 to 6.
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Figure 4.11 (a) Two module conduction band diagram for IL298 at designed bias,
45 mV/module. Starting from injector barrier, layer thicknesses in ML
(monolayers) are (barriers are indicated by bold face) 16/28/8/16/7/20.
The average doping in the active region is 2.52615× 1015cm−3. (b)
Corresponding anticrossing plots with indicative anticrossings of various
subband alignments at respective bias.
Fig. 4.12 shows the I-V characteristics of IL298 structure. This design failed to
lase at 78 K. From I-V characteristics, we can notice two discontinuity, at ∼4 V and
∼7 V. These discontinuity is because of the relay switching in the pulser. Apart from
that at higher voltage the I-V characteristics is not smooth. The designed voltage
for this device is ∼13.4 V (without taking into consideration the Schottky contact
drop of 2-3 V). However, this device could not be biased at the peak bias and huge
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current flows through the device before reaching the bias condition. At ∼9 V in the
device, the current density is ∼1600 A/cm2. We believe that lower parasitic current
channel were the main reason for such structures preventing to lase. This device
was later measured at 46 K as well, with ∼926 A/cm2 at 9 V and ∼2118 A/cm2 at
11 V. Even at 46 K, the device could not be measured at the designed bias of 45
mV/module. Other possible reason may be the Al source used in epi-grow might
have been contaminated. Unfortunately, GV characteristics of this device could not
be measured since the IV data were much coarse while measurements. Also, the IV
curve is much rough when the bias reaches ∼7 V.
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Figure 4.12 I-V characteristics of IL298 (Wafer No. VB0659) measured at 78 K
from 1.1 mm × 100 µm device area.
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4.3 Terahertz Quantum Cascade Lasers with Shallow
Barriers
The role of various non-radiative scattering mechanisms for quantum transport in
THz QCLs has not been fully developed. Primarily, this work intends to investigate
the role of interface roughness (IR) scattering on gain and temperature performance of
resonant-phonon THz QCLs. There have been efforts to attenuate the role of IR scat-
tering on gain by lowering the radiative barrier height in a three-well resonant-phonon
design [46] but such strategy did not improve temperature performance albeit slight
decrease in threshold current density was observed. The temperature performance
of THz QCL is more dependent on the dynamic range of current density (difference
between Jmax - JTh [63]).
In this work, we re-designed two of the best performing resonant-phonon THz
QCLs employing 15%-Al content in barriers, i.e. a three-well [38] and a four-well [66]
design respectively, with 10% Al barriers instead. Figure 4.13(a) and Figure 4.14(a)
shows the design-bias conduction band diagram of the redesigned three-well QCL
(design RTRP3W197, wafer no. VB0464) and four-well QCL (design RTRP4W159,
wafer no. VB0463) along with their anticrossing plots respectively. Intersubband
transition rate due to interface roughness scattering between two subbands m and n
is calculated as the way described in Ref [102, 25]. Table 4.1 and Table 4.2 shows
the calculation of interface roughness scattering rates for two different (redesigned
and reference) three-wells and four-wells structures with an assumed step height,
∆ = 0.4 nm and correlation length, Λ = 7.5 nm [106]. It has to be noted that ∆ and
Λ are not measurable quantity instead it should be treated as a fitting parameters.
The interface roughness scattering rates are calculated as in Chapter 2.
LO-phonon scattering rates are also calculated since that phonon scattering is
69
GaAs/Al0.10Ga0.90As
47 mV/module
1
2
34
1'
Δ1'4 = 1.78 meVE43 = 12.3 meV
Δ32 = 3.64 meVE21 = 31.1 meV
f43 = 0.43
x197
2
4
6
8
20 40 60 80 100
10
Bias (mV/module)
|E
| (m
eV
)
Δ1'4
Δ32
Δ1'2Δ1'3
Δ42
Δ1'P1
a) b)
Figure 4.13 (a) One module conduction band diagram for RTRP3W197 at de-
signed bias, 47 mV/module. Starting from injector barrier, layer thick-
nessses in ML (monolayers) are (barriers are indicated by bold face)
23/31/14/30/21/61. The average doping in the active region is 5.5×
1015cm−3. (b) Corresponding anticrossing plots with indicative anti-
crossings of various subband alignments at respective bias.
known to be the most dominant non-radiative scattering mechanism. From Table 4.1,
in three well structure it is observed that the net lifetime of the upper radiative
subband,τ4→3,2, is enhanced by almost a factor of two while for redesigned 4-well
structure (RTRP4W159), τ5→4,3,2 it is enhanced by a factor of 5.5 (refer Table 4.2) as
compared with the reference designs respectively. This improvement in net lifetime
should increase the gain, and therefore the maximum operating temperature of the
redesigned QCL, which was the primary motivation behind using shallow barriers for
THz QCLs. Interface roughness scattering rates for lower subbands are not significant
and hence they are not mentioned in the tables. From here on, most of the focus would
be towards three-well active region structures, since they are known to have a better
temperature performance.
Alloy disorder scattering lifetime in upper radiative level for RTRP3W197 (10%-Al
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Designs τIR,4→3 τIR,4→2 τIR,4→3,2 τLO,4→3,2 τ4→3,2
This work (10%-Al.) 9.4 ps 24.7 ps 6.8 ps 3.6 ps 2.3 ps
Ref. [38] (15%-Al.) 5.3 ps 5.4 ps 2.7 ps 1.9 ps 1.1 ps
Table 4.1 Comparision of interface roughness scattering between three-well resonant
phonon THz QCLs with 10%, 15% [38] Al content in barriers. Electron
temperature, Te = 200 K and lattice temperature, TL = 77 K is assumed
in the upper radiative subband.
Designs τIR,5→4,3,2 τLO,5→4,3,2 τ5→4,3,2
This work (10%-Al.) 15.82 ps 4.3 ps 3.39 ps
Ref. [66] (15%-Al.) 1.46 ps 1.06 ps 0.62 ps
Table 4.2 Comparision of interface roughness scattering between four-well resonant
phonon THz QCLs with 10%, 15% [66] Al content in barriers. Electron
temperature, Te = 200 K and lattice temperature, TL = 77 K is assumed
in the upper radiative subband.
content) and reference design [38] (15%-Al content) was calculated according to [102]
and was found similar for both cases, ∼50 ps [53]. Impurity scattering for both
structures (RTRP3W197 and reference) were calculated to be ∼14 ps and hence both
alloy disorder scattering and impurity scattering lifetimes are not considered while
calculating lifetime of upper radiative state in Table 4.1 and Table 4.2 [53].
Both RTRP3W197 and RTRP4W159 were grown by molecular beam epitaxy with
197 and 159- cascaded modules respectively. 10-µm thick active region was sand-
wiched by Si doped contact layers (n = 5×1018 cm−3), 50 nm and 100 nm grown
above and below respectively. 200 nm of etch stop was grown below it. A Cu-Cu
based double metal waveguide for the THz QCLs was fabricated by Cu-Cu wafer
bonding techniques and standard photolithography process. Ta/Au was deposited
as both top (18/200 nm) and bottom (18/200 nm) contact. Ridges were processed
by wet-etching using 1:8:80 :: H2SO4:H2O2:H2O etchant. Fabricated devices were
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Figure 4.14 (a) One module conduction band diagram for RTRP4W159 at de-
signed bias, 50 mV/module. Starting from injector barrier, layer thick-
nessses in ML (monolayers) are (barriers are indicated by bold face)
22/33/10/37/16/28/18/59. The average doping in the active region is
5.554× 1015cm−3. (b) Corresponding anticrossing plots with indicative
anticrossings of various subband alignments at respective bias.
cleaved and indium soldered on copper mount, wire bonded and mounted on the cold
stage of a cryostat.
Fig 4.15 shows the experimental results for redesigned structures with shallow bar-
reirs. Contrary to expectation, both RTRP3W197 and RTRP4W159 did not demon-
strate better temperature performance than the reference structures. RTRP3W197
could operate only up to a heat sink temperature of 157 K however, threshold current
density was reduced significantly to ∼240 A/cm2.
Fig. 4.16 compares the calculated gain for RTRP3W197 and the state of art THz
QCLs that lased up to 200 K [38]. The density matrix has been calculated as men-
tioned in [17, 63] however with interface roughness scattering time included. For
comparision, the average doping density is assumed to be 5.5×1015 cm−3 for both
designs. Without considering interface roughness scattering time, the calculated gain
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Figure 4.15 (a) Experimental results of RTRP3W197 structure. Pulsed L-I and
I-V characteristics from a 1.2 mm × 150 µm ridge laser are shown.
The inset shows representative spectra at 77 K at around peak current
density. (b) Experimental results of RTRP4W159 structure. Pulsed
L-I and I-V characteristics at different temperature from a 1.3 mm ×
150 µm ridge laser are shown. The inset shows representative spectra
at 77 K at peak current density. For both devices, Pulsed L-I and I-V
measurement was done with 200 ns pulses repeated at 100 KHz.
for both structures were almost same (∼37 cm−1). However when the interface rough-
ness is included in density matrix formulation, it is noticed that the structure with
shallow barrier would have higher gain than that of the reference structure by ∼4
cm−1 at ∼3 THz. From non-equilibrium Green’s function (NEGF) calculation in
Ref. [58], it was noticed that significant number of electrons in upper radiating level,
4, undergoes elastic scattering to lower radiating level, 3, due to rough interface and
such phenomena decreases population of level 4 and increase population of electrons
in level 3 with high in-plane momentum energy, thus reducing the population inver-
sion at elevated temperature. The density matrix calculation in table 4.3 captures
aforementioned consequence and hence, we can see that population of electrons at
level 4 ,ρ44, is higher for redesigned structure as compared to that of reference struc-
ture. For RTRP3W197 structure, our density matrix simulation shows better gain
and population inversion than that of the reference structure however, the tempera-
ture performance of redesigned structure is not comparable and lasing action ceases
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Figure 4.16 (a) Gain calculated using density-matrix for redesigned structure,
RTRP3W197, (b) for reference structure [38]. Blue and red curves are
for the gain with and without interface roughness scattering time incor-
porated in the density matrix at design-bias. Electron (Te) and lattice
(Tl) temperature were assumed as 200 K and 77 K respectively and
phenomenological dephasing time (T∗) was assumed to be 0.33 ps.
at 157 K.
Reference ρ11 ρ22 ρ33 ρ44 ∆ n43
Ref. [38] 0.583 0.0787 0.0776 0.2611 0.1835
RTRP3W197 0.506 0.0602 0.0708 0.3626 0.2918
Table 4.3 Comparision of normalized population in different subbands for reference
and redesigned 3-well period THz QCLs at designed bias. Subscript de-
noted the subband level as in Fig. 4.13a). Last column shows the popu-
lation inversion established at designed bias.
Fig. 4.17 shows the relationship between Jth versus T for RTRP3W197. A phe-
nomenological fit to the expression Jth ∝ exp(T/To) is indicated by a straight line. It
is clear that the device when being operated at lower temperature (<110 K), the char-
acteristics temperature (To = 180 K) is comparable to that of the best-performing
QCLs with similar design scheme that operate around 3 THz however, at higher tem-
perature, To reduces significantly to 88 K. Such characteristic temperature for best
performing THz QCLs are much higher (To = 160 K) at higher temperature [65].
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Figure 4.17 Threshold current-density (Jth) versus temperature (T) plotted on a
semi-logarithmic scale for THz QCLs based on RTRP3W197 design.
The exact reason for temperature degradation has not been understood well and is
beyond the scope of this paper. However at higher temperature, we speculate that
the performance degradation of such QCLs is because of the carrier leakage due to
re-absorption of hot (nonequilibrium) phonons along with other temperature degra-
dation phenomena as discussed comprehensively in Ref. [53].
One of the key performance parameter for THz QCLs is the dynamic range of
current density. Larger the dynamic range, robust is its temperature performance [63].
The redesigned structure has a dynamic range of ∼170 A/cm2 while that for the state
of art THz QCL [38] is ∼250 A/cm2 for the device at heat sink temperature of 111 K
and 116 K respectively. But the distinct advantage while comparing these two devices
are the threshold current density. For RTRP3W197 structure, the threshold current
density is reduced by ∼880 A/cm2 at above mentioned temperature. However, there
have been reports of much lower threshold current density in THz QCL employing
RP scheme and 3-well active region, 105 A/cm2 at 76 K (JTh = 80 A/cm
2 at 8 K
ν = 3.9 THz at threshold and Tmax = 101 K) [18]- where lasers are designed with
reduced oscillator strength but such laser exhibits poor temperature performance and
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can not lase at heat sink temperatures above 150 K. Table 4.4 compares the threshold
current density of some of the best performing THz QCL operating above ∼150 K
for a frequency range of 2.5 – 3.5 THz.
Reference Design ν Tmax JTh(T)
Ref. [114] RP 3.0 THz 164 K 420 A/cm2(5 K)
Ref. [13] RP 3.0 THz 178 K 700 A/cm2(78 K)
Ref. [10] BTC 3.1 THz 152 K 390 A/cm2(10 K)
Ref. [10] BTC 3.1 THz 160 K 200 A/cm2(10 K)
Ref. [6] RP 3.0 THz 172 K 600 A/cm2(78 K)
Ref. [38] RP 3.2 THz 200 K 1000 A/cm2(8 K)
Ref. [20] RP 3.0 THz 181 K 1150 A/cm2(76 K)
Ref. [46] RP 3.0 THz 188 K 1250 A/cm2(78 K)
Ref. [46] RP 3.3 THz 176 K 1250 A/cm2(78 K)
Table 4.4 List of THz QCL operating above 150 K for frequency range 2.5 - 3.5 THz
in chronological order. RP and BTC corresponds to Resonant Phonon and
Bound-to-Continuum design schemes respectively. Last column on the
table is the reported threshold current density at respective temperature.
Inspired by the lower threshold current density with shallow barriers, such designs
can be implemented in distributed feedback structures and hence we grew another
device similar to RTRP3W197 but with ∼5 µm active region thickness rather with
∼10 µm and are named as RTRP3W102. Reducing the epi-grown quatum cascade
layers will be beneficial for better heat removal but comes with increased threshold
current densities and the temperature performance will be reduced. Three wafers
were grown for RTRP3W102, named as VB0731, VB0735 and VB0736. VB0731,
VB0735 and VB0736 were 1.52% lower, 1.5% lower and 1.1% higher than the desired
thickness respectively. However, multiple fabrication trial for VB0731 did not survive
and hence could not be measured.
Fig. 4.18 shows the electro-optical characteristics of RTRP3W102 devices pro-
cessed with Ta/Cu and Ta/Cu/Au as bottom and top metal. As compared to
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Figure 4.18 Experimental results of RTRP3W102 structure with representative
spectra measured at 47 K. a) For VB0735: Pulsed L-I and I-V char-
acteristics from a 1.0 mm × 120 µm ridge laser are shown. (b) For
VB0735: Pulsed L-I and I-V characteristics at different temperature
from a 1.1 mm × 150 µm ridge laser are shown.
RTRP3W197 devices, these devices has higher threshold current density and lower
dynamic range of current density and consistent with our prediction however, the
maximum temperature operation has reduced by more than 50 K. Sharp NDR is ob-
served at ∼7 V on both devices and hence validates the growth quality. Since number
of periods are reduced in these devices, the voltage on devices reduces as well. For
VB0735, the dominant peak is around 2.7 THz (from threshold to peak) however for
VB0736, the dominant peak shifted from 2.7 to 2.9 THz while increasing bias. This
indicates that even small fluctuation in growth can result in shift in frequency. The
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dynamic range of VB0736 is larger than that of VB0735 and hence the temperature
performance too.
Fig 4.19 shows the one module conduction band diagram of TUNDET202 active
region with 10-% Al content in barriers. This design is similar to RTRP3W197
however, at lower bias 18 mV/module it is designed to have absorption at 2.82 THz.
The detail of this active region is discussed in [125] however, I will present the electro-
optical characteristics of a metal-metal Fabry-Perot cavity of this structure.
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Figure 4.19 (a) One module conduction band diagram for TUNDET202 at de-
signed bias, 47 mV/module. Starting from injector barrier, layer thick-
nesses in ML (monolayers) are (barriers are indicated by bold face)
24/33/8/30/19/62. The average doping in the active region is 5.99×
1015cm−3. (b) Corresponding anticrossing plots with indicative anti-
crossings of various subband alignments at respective bias.
Fig 4.20a) shows the G-I-V characteristics of the device. No sharp NDR was
noticed in this device and we attribute this to the growth issue.2 The pulsed I-V and
G-V (differential conductance versus voltage) characteristics of a representative ridge-
cavity QCL fabricated from the grown wafer, measured at a heat-sink temperature
of 48 K. The threshold current-density at this temperature was Jth ∼ 400 A/cm2 and
2Personal communication with Dr. Reno: it might have been that the devices received in these
batches may have lower fraction of Al as opposed to requested 10%.
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the peak-power output for the QCL occurs at Jpeak ∼ 800 A/cm2. The differential-
conductance G (slope of the I-V curve) highlights some of the key transport char-
acteristics of this QCL. Each conductance peak could be associated with a specific
resonant-tunneling alignment that facilitates current flow across the QCL superlattice.
The resonance condition leads to a local maxima in the I-V curve, which corresponds
to a local minima in the G-V curve. Represented device can only lase upto 113 K and
with center frequency 3.4 THz. This device is not only optimized for lasing purpose
however to have intersubband absorption at lower bias, some sacrifise has been made
and hence has poorer temperature performance than that of RTRP3W197.
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Figure 4.20 G-I-V characteristics of TUNDET202 (Wafer No. VB0786) measured
at 48 K from 1.0 mm × 150 µm device area with 220 ns pulse width
repeated at 100 KHz and gated at 1 KHz.
THz QCL designed with 10%-Al content in GaAs/AlGaAs material system de-
picted poor temperature performance as compared to the reference structure with
15%-Al content. Although, interface roughness scattering calculations suggests that
the overall lifetime of carrier increases by making barriers shallower but on the other
hand it may facilitate leakage of thermal electrons into continuum states as lattice
temperature increases. However, taller barriers has not shown better performance
as well [59] but with shallow barrier the threshold current density can be reduced
significantly as compared to state of art devices.
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4.4 Continuous Electrical Tuning of THz QCLs
One of the primary motivation to design such active region, TUNDET202 is to
demonstrate a novel tuning technique that relies on “detuned intersubband absorp-
tion” designed to occur in the QCL’s active medium itself, which also changes the
electric-susceptibility of the active medium but by an entirely different quantum-
transport mechanism. With such technique, tuning could be achieved for a QCL
operating close to its maximum operating temperature, which is significant advan-
tage [125].
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Figure 4.21 (a) Conduction band diagram for TUNDET202 (similar to Fig. 4.19)
baised for emission. (b) Conduction band diagram for the same ac-
tive region at lower bias (biased for absorption). At this bias, upper
laser subband 4 is aligned to phonon subband 2 in depopulation well.
Fast LO-phonon scattering depopulates the doublet resulting in inter-
subband absorption from 3→(2,4), at a frequency that is detuned from
QCLs emission frequency [125].
Similar to the change in susceptibility induced by the Stark-shift of the lasers
intersubband emission, detuned intersubband absorption between subbands can also
result in modification of electric-susceptibility. In this case, the amount of tuning is
controlled by the strength of intersubband absorption. Fig. 4.21(a) shows conduction-
band diagram of a THz QCL design TUNDET202 at its design bias. Close to emission
bias of 47 mV/module, the QCL realizes intersubband gain due to the 4 → 3 tran-
sition at frequencies in the vicinity of ∼3.3 THz. As illustrated in Fig. 4.21(b), for
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the same design at a lower bias of 18 mV/module, when electrons are injected into
the lower laser subband 3 by resonant tunneling, the upper laser subband 4 is in
alignment with the excited subband 2 in wide phonon well. Electrons have a long
life time in lower laser subband since its wavefunction is spatially separated from
ground subbands wavefunction. Hence electrons are accumulated in 3, while they are
depopulated from subbands 4 and 2 owing to LO-phonon mediated relaxation. The
bandstructure is specifically designed to achieve intersubband absorption due to 3→
(2, 4) at a frequency of ∼2.8 THz, which is detuned by ¿ 0.5 THz from the QCLs
emission frequency. Also, the radiative oscillator strength for the absorption tran-
sition is kept large (∼0.65), which necessitates choice of tighter tunneling injection
anticrossings in the design as compared to conventional THz QCLs. An intersubband
transition modifies the real-part of electric-susceptibility (refractive-index), but only
at frequencies detuned from the frequency of the transition. Hence, the loss tran-
sition at 2.8 THz introduces changes in the refractive-index of the active medium
within its gain bandwidth around 3.3 THz. At the same time, since the absorption
transition is detuned, its effect on introducing intersubband loss (imaginary part of
electric-susceptibility) at the QCLs emission frequency is negligible [125].
A specific coupled microcavity architecture based on metallic waveguides is de-
veloped to achieve tuning by utilizing the unique quantum-transport properties of
the active region as mentioned above. Two symmetric distributedfeedback (DFB)
QCLs are designed on mask, and fabricated laterally adjacent to each other with a
narrow gap (∼5 µm at bottom) to form optically coupled-cavities, facilitated by the
large lateral mode extent at THz frequencies. The DFB is based on antenna-feedback
method that is described in Ref. [121]. The two DFB QCLs are electrically isolated
and can be biased individually. As shown in the inset of Fig. 4.22(a), the width of
each ridge is 75 µm and the length is 1.35 mm. One DFB cavity is biased to operated
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as a laser in the emission regime and is referred as “lasing cavity while the other
DFB cavity is biased in its absorption regime and is referred as the “control cavity.
Pulsed I-V and L-I curves of the lasing cavity measured at 49 K when operated in
a electrically operated Stirling cryocooler are shown in Fig. 4.22(a). During tuning
experiment, the bias of the lasing cavity is kept at 12.5 V corresponding to a current
density of 950 A/cm2. The QCL is lasing in single-mode and its far field emission
pattern is illustrated in 4.22(b). The full-width at half-maximum (FWHM) of the
beam is narrow due to the properties of antenna-feedback [121] and is measured as
6◦ × 12.8◦. The control-cavity is biased within is absorption regime, thus it only
contributes to intersubband absorption centered around 2.8 THz. When the bias of
control-cavity is increased from 6.2 V to 6.8 V (corresponding to the band alignment
in Fig. 4.21(b), emission from the lasing-cavity is continuously tuned by 4 GHz as
shown in Fig. 4.22(c). With further increase in bias of control-cavity bias, subbands
become misaligned and the lasing cavity returns to its original emission frequency.
There is very small change in the output power of the QCL as its frequency is swept
(not shown here), which suggests that the optical loss introduced due to control-cavity
is negligible for the lasing mode [125].
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Figure 4.22 (a) L-I-V characteristics of TUNDET202 (Wafer No. VB0786) mea-
sured at 48 K in pulsed mode. (b) Far field emission pattern from the
lasing cavity when the current density is 950 A/cm2. (c) Lasers spectra
zoomed-in around the spectral peaks of cases when lasing cavity biased
at 12.5 V while the bias of the control cavity is changed for tuning [125].
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CHAPTER 5. High Bandwidth Gain Media for THz QCLs
5.1 Introduction
Terahertz quantum cascade lasers (QCLs) with a broadband gain medium could
play an important role for sensing and spectroscopy since then distributed-feedback
schemes could be utilized to produce laser arrays on a single semiconductor chip
with wide spectral coverage. QCLs can be designed to emit at two different fre-
quencies when biased with opposing electrical polarities. Here, terahertz QCLs with
bidirectional operation are developed to achieve broadband lasing from the same
semiconductor chip.
Numerous potential applications exist for spectroscopy and sensing in the tera-
hertz range of the electromagnetic spectrum (ν ∼ 1 − 10 THz, λ ∼ 30 − 300 µm),
since large polar molecules have characteristic spectral signatures across this fre-
quency range. To perform terahertz spectroscopy of such molecules it is desirable
to have high-power sources of coherent radiation that could be tuned across a large
bandwidth. Terahertz quantum cascade lasers (QCLs) [56] are the most powerful
solid-state sources of terahertz radiation that are uniquely poised to target a range of
potential applications in fields as diverse as astronomy, atmospheric science, biology,
medicine, and chemical analysis. Terahertz QCLs could be designed to emit output
power in the range tens of milliwatt at cryogenic temperatures. The output power
at the desired operating temperature and other properties such as the spectral and
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radiative characteristics depend on the design scheme of the active region as well as
that of the cavity. QCLs with best operating temperatures are now developed using
three-well design schemes in the GaAs/Al0.15Ga0.85As material system [77, 38] with an
underlying characteristic featuring resonant-phonon depopulation [111] and one-well
injection [67] schemes.
Terahertz QCLs are typically desired for broadband spectroscopy for which it
would be useful to have semiconductor chips with single-mode QCL arrays that
could provide wide spectral coverage. Such laser arrays have been developed for mid-
infrared (IR) QCLs [69, 81] and are now commercially available for mid-IR frequencies.
In general, a typical terahertz QCL provides gain bandwidth of∼ 0.2−0.4 THz around
its central emission frequency. It is desirable to increase the bandwidth to ∼ 1 THz
to access broad spectral features for spectral fingerprinting. In that context, it is
helpful to consider prior work on development of multi-color or broadband terahertz
QCLs, which is summarized in chronological order in Table 5.1. Heterogeneous cas-
cade design schemes have been used to develop broadband terahertz QCLs [41, 99, 11];
however, the increase in bandwidth comes at the cost of reduced gain since effectively
smaller number of QCL modules produce gain at a given frequency. Hence, thicker
active regions may be required, which is challenging for epitaxial growth. Addition-
ally, such designs are challenging and may require multiple growth iterations, since
inter-stack current-transport needs to be properly matched for a given bias field to
avoid instabilities due to electric-field domain formation. Dual-color lasing was also
realized in Ref. [62] due to two separate intersubband radiative transitions within
the same quantum-wells of the superlattice. However, it was argued that such a las-
ing characteristic is detrimental to the QCL operation, and it is better to suppress
multi-photon transitions from the same wells to maintain stable electrical operation
in the QCL [52]. A terahertz QCL with large bandwidth was also realized by using
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strong tunnel-coupling for injection transport in a two-well design [89]. However,
such a strategy is less likely to work for resonant-phonon design schemes, which suffer
from large parasitic currents if thin injector barriers (large tunnel-coupling) are used.
Table 5.1 summarizes the development of multi-color/broadband THz QCLs chrono-
logically. Design types such as BTC, RP and SA are acronyms for active-region de-
signs based on “bound-to-continuum”, “resonant-phonon” and “scattering-assisted”
schemes respectively. Key operation parameters are listed, where Tmax is the maxi-
mum operating temperature in pulsed operation, Jth is the threshold-current density
at the specified temperature, and ν is the center-frequency of the lasing spectra from
a typical ridge-cavity QCL.
Designs
Design
Type
ν (THz) Tmax JTh
Ref. [92] BTC 1.39 THz 40 K 5 A/cm2 (ν=1.39 THz)
(B-field) 2.3 THz 40 K 29 A/cm2 (ν=2.3 THz)
Ref. [41] BTC 2.6 60 K 79 A/cm2 (ν=2.6 THz)
(ν=2.6 THz) (4 K)
3.0 THz 91 K (ν=3 THz) 209 A/cm2 (ν=3 THz)
(ν=3 THz) (4 K)
Ref. [71] 4-well RP ν+=2.3 THz, 98 K (forward)
490 A/cm2 (forward) (4
K)
ν−=4 THz 120 K (reverse)
330 A/cm2 (reverse) (4
K)
Ref. [91] 3-well RP 0.7 – 1.4 THz 115 K 180 A/cm2 (10 K)
(B-field)
Ref. [89] 2-well 2.8 – 4 THz 125 K 260 A/cm2 (10 K)
Ref. [99] BTC 2.2 – 3.2 THz 125 K 950 A/cm2 (10 K)
Ref. [62] SA 1.8 THz
163 K (ν=1.8
THz)
865 A/cm2 (ν=1.8 THz)
(10 K)
4 THz
151 K (ν=4
THz)
325 A/cm2 (ν=4.0 THz)
(10 K)
Ref. [11] BTC 2.3 – 3 THz 118 K 190A/cm2 (10K)
Table 5.1 Multi-color/broadband terahertz QCLs listed in chronological order of
their development.
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Reference
Design
Scheme
ν
(THz)
∆inj
(meV)
∆col
(meV)
Osc.
Str
Tmax
(K)
JTh (A/cm
2),T
Ref. [13] RP 3.0 1.82 3.78 0.86 178 700, 78 K
Ref. [65] RP 3.8 2.23 4.84 0.38 186 410, 5 K
Ref. [24] RP 3.1 1.76 3.89 0.85 170 700, 10 K
Ref. [38] RP 3.1 1.74 3.90 0.57 200 970, 8 K
Ref. [14] RP 4.0 2.58 4.60 0.38 151 680, 5 K
Ref. [53] RP 2.7 1.78 3.64 0.43 150 260, 77 K
Table 5.2 List of THz QCL operating above 150 K for 3-well active region designs
in chronological order (for resonant phonon scheme).
Table 5.2 lists the operation of 3-well active region design based on resonant
phonon schemes.∆inj, ∆col and Osc. Str. represents injector anticrossing, collector
anticrossing and oscillator strength of the active regions respectively. Last column
represents the threshold current density at reported temperature. For the shake of
simplicity active regions with variable barriers [20, 46] has not been included in the
table and their reference structure is similar to that of [38]. For THz QCLs radiating
in the frequency range 2.5 – 3.5 THz, it is ideal to design active region with ∆inj =
1.5 – 2 meV, ∆col = 3 – 4 meV and Osc. Str >0.4. All resigns are based on 15% Al
content in GaAs/AlGaAs heterostructure, apart from the one in Ref. [53].
One of the unique features of QCLs is that they could be designed for lasing
independently at two different frequencies for positive and negative electrical bias
respectively [43]. This is possible because of the unipolar carrier transport in inter-
subband lasers. The gain bandwidth for lasing in resonant-phonon terahertz QCLs
is typically in the range of 0.2 − 0.5 THz. When properly designed, bidirectional
QCLs could potentially increase the gain bandwidth to ∼ 1 THz without compromis-
ing the performance characteristics significantly, since entire gain is available for a
given operating polarity. There have been very few reports of bidirectional terahertz
QCLs. The first bidirectional terahertz QCLs were demonstrated with a four-well
GaAs/Al0.15Ga0.85As design scheme with one-well injector and resonant-phonon de-
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population [64, 71]. Brandstetter et.al., [14] demonstrated a 3-well symmetric THz
QCLs (implemented with 15%-Al fraction) that can be operated up to 151 K and
145 K in negative and positive polarities respectively however such structures are
symmetric in design, which means they radiate at same frequency in both polarities.
Bidirectional THz QCLs have also been implemented with InGaAs/GaAsSb material
system [29] to study the role of interface roughness scattering mechanisms. In this
work, we show that improved performance could be realized for bidirectional QCLs
when they are implemented with the more robust three-well design scheme; how-
ever, in the following, it is argued that shallow-wells (with 10%−Al barriers) need
be employed to achieve the design flexibility that is needed for achieving gain at sep-
arate frequencies in opposing polarities. For such designs, the maximum operating
temperature is better or at-par with that of any other previously developed broad-
band terahertz QCLs. Shallow-wells also lead to lower threshold current-densities
compared to the threshold current-densities in three-well terahertz QCLs that are
predominantly based on 15%−Al barriers [53], which is an additional benefit in the
presented designs.
To understand the importance of utilizing shallow-wells in a three-well bidirec-
tional QCL design as proposed here, it is instructive to know the typical design pa-
rameters for three-well terahertz QCLs with best temperature performances, which
are listed in Table 5.2. QCLs with variable-height barriers [20, 46] (that are still
primarily based on GaAs/Al0.15Ga0.85As heterostructures) are not included in the ta-
ble since their design parameters are similar to that in Ref. [38]. Arguably, the two
most important design parameters for such resonant-phonon designs are the tunneling
parameters ∆inj and ∆col, which refer to the energy-splitting (anticrossing) between
the tunneling subbands when they are resonantly aligned for injection and extraction
respectively. As is evident from the compilation in the table, optimum transport is
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achieved for ∆inj ∼ 2 − 2.5 meV and ∆col ∼ 4 − 5 meV. The degree of diagonality
of the radiative transition is represented by the oscillator-strength fosc; however, fosc
primarily impacts the operating current-densities [65] while not affecting the maxi-
mum operating temperature Tmax [38] sensitively. In general, the coupling strength
needs to be reduced by utilizing thicker tunnel barriers for more “vertical” (large
fosc) designs lest the low-bias parasitic current-density becomes too large to allow the
superlattice to reach the required bias alignment for lasing.
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Figure 5.1 One module conduction band diagram for bidirectional active region
with 3-well period and 15%-Al content in barriers at designed bias. Start-
ing from injector barrier, layer thicknesses in nm are (barriers are indi-
cated by bold face) 5.2/8.9/2.5/8.8/4.5/16.8. (a) Positive Bias: 52
mV/mod , injector anticrossing: ∆1′4 = 1.7 meV, collector anticrossing:
∆32 = 3.75 meV. (b) Negative Bias: 56 mV/mod, injector anticrossing:
∆1′4 = 2.4 meV, collector anticrossing: ∆32 = 2.7 meV
For asymmetric bidirectional THz QCL with 3-well period all design parameters
as mentioned in Table 5.2 (i.e.,∆inj,∆col and Osc.Str.) has to be fulfilled in both
polarities for better temperature performance. Fig. 5.1 clearly shows that when we try
to match those design parameters in one polarity, same structure will barely radiate
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in reverse polarity. In Fig. 5.1(b), the value injector anticrossing is slightly higher
and collector anticrossing is slightly lower than the desired value. This is because
of the fact that injector and collector barriers will switch their role in reverse bias.
Hence with 15% Al-content, it would be difficult to design asymmetric bidirectional
THz QCLs.
Another key advantage of employing shallow barrier is such that we have flexibility
to have thicker barriers while maintaining the desired anticrossings which facilitates
operation of such lasers in both polarities [43, 71]. Exploiting bidirectional opera-
tion features in such laser will allow same lasers to radiate at different frequencies,
depending upon the bias polarity. This technique of active region engineering can
significantly increase the gain bandwidth of a laser. Bidirectional operation could
be utilized to achieve broadband spectral coverage from single semiconductor chip
using distributed-feedback schemes and can play an important role in spectroscopy
and sensing. Since material gain bandwidth in terahertz QCLs is typically limited
to 0.2 – 0.5 THz, such schemes would be beneficial to increase the spectral band-
width of terahertz QCLs to potentially ∼1 THz. While heterogeneous cascade design
schemes have been used to develop broadband terahertz QCLs [41, 100], the increase
in bandwidth comes at the cost of reduced gain. In contrast, bidirectional QCLs
could achieve higher gain in two separate spectral regions due to independent bias-
ing, as shown in Fig. 5.2. Prior to our approach to demonstrate bidirectional terahertz
QCLs, there have been two reports of asymmetric (radiating different frequencies at
different polarities) bidirectional THz QLCs [64, 71] however there are multiple re-
ports of symmetric (radiating frequency is same at both polarities) bidirectional THz
QCLs (such as in [14]). Both earlier attempts to demonstrate asymmetric bidirec-
tional THz QCLs were based on four-well active region design with resonant phonon
depopulation.
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Figure 5.2 Gain calculation for BIDR196B using density matrix and incorporating
interface roughness scattering time (other parameters are same as that
in Fig. 4.13). From the calculation we can see that the peak gain, 34
cm−1, is at 3.7 THz in positive polarity (red curve) and 37 cm−1 at 2.9
THz in negative polarity (blue curve).
It has been widely established that three-well THz QCLs active region designed
with resonant-phonon depopulation scheme has shown better temperature perfor-
mance [65, 38]. Designing asymmetric bidirectional with 15%-Al content in three-
well period active region would be challenging. Since for a robust three-well resonant
phonon active region devices operating at frequency range 2.5 – 3.5 THz, following
parameters has to be satisfied in both polarities: injector anticrossings: 1.5 meV ≤
∆1′4 ≤ 2 meV, collector anticrossing: 3 meV ≤ ∆32 ≤ 4 meV and oscillator strength:
f43 ≥ 0.4. For such THz QCLs (employing 15%-Al content in barriers), it becomes
challenging to set well- and barrier-thicknesses to achieve similar quantum-transport
parameters such as the tunneling coupling strengths (energy anticrossings) for both
polarities. In the following part, we discuss the strategies to design asymmetric bidi-
rectional THz QCLs for a three-well period, resonant-phonon active region.
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5.2 Bidirectional THz QCL for Dual-Color Operation
Fig. 5.3(a) shows the conduction band diagram of design labelled BIDR196B in
forward bias and Fig. 5.3(b) for reverse bias for the same active region. It is based
on resonant-tunneling injection and resonant phonon depopulation scheme in both
polarities similar to that in Refs. [53]. This structure was grown by molecular beam
epitaxy with 196 cascaded modules (wafer VB0788). Contact layers of 10 nm thickness
were grown with 5×1019 cm3 doping followed by 50 nm thickness with 5×1018 cm3
doping on either side of 10 µm thick GaAs/Al0.10Ga0.9As superlattice active regions
and processed as a standard metal-metal cavity ridge laser. To operate in both
polarities, the temperature performance is sacrificed by processing the device with
highly-doped GaAs contact layers beneath the metal cladding layers of the cavity.
Fig. 5.3(c) and Fig. 5.3(d) shows the anticrossing plots at different biases, along with
the anticrossing states, for positive and negative polarities respectively.
91
X196
GaAs/Al0.10Ga0.90As
9.53 KV/cm
1
23
4 1'
GaAs/Al0.10Ga0.90As
-8.75 KV/cm
X196
1
23
4
Δ1'4 = 1.94 meV
Δ32 = 2.94 meV 
E43 = 14.63 meV 
E21 = 30.2 meV
f43 = 0.46
For Positive Polarity:
Δ1'4 = 1.77 meV
Δ32 = 2.90 meV 
E43 = 11.24 meV 
E21 = 30.2 meV
f43 = 0.57
For Negative Polarity:
a) Positive Bias b) Negative Bias
20 40 60 80
2
4
6
8
Bias (mV/module)
|E
| (m
eV
)
20 40 60 80
2
4
6
8
Bias (mV/module)
|E
| (m
eV
)
c) d)
Δ1'3
Δ42
Δ1'2
Δ32
Δ1'4
Δ1'P1
Δ42
Δ1'3 Δ1'2
Δ32
Δ1'4
Δ1'P1
Figure 5.3 One module conduction band diagram for BIDR196B at designed bias,
(a) at Positive Bias and (b) Negative Bias. Starting from injector bar-
rier, layer thicknessses in nm are (barriers are indicated by bold face)
6.22/8.76/3.11/9.33/6.22/17.8. The average doping in the active re-
gion is 5.88× 1015 cm−3. (c) and (d) are the corresponding anticrossing
plots at positive and negative polarities respectively.
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We received two wafers for BIDR196B designs: VB0788 and VB0790. VB0788 was
grown 2.4 % lower and VB0790 was grown 1.4 % higher than the desired thickness.
Figs. 5.4(a) and 5.4(b) show L-I characteristics of a representative Fabry-Perot cavity
QCL from the processed wafer (VB0788). The QCL emitted from 3.4 – 3.8 THz and
operated up to a maximum temperature of 121 K with ∼360 A/cm2 threshold current-
density in positive polarity operation, and emitted from 2.6 – 2.8 THz and operated
up to 105 K with ∼700 A/cm2 in negative polarity. GaAs/Al0.10Ga0.90As based QCL
designs lead to lower threshold-current densities. However, the operating current-
density is higher in negative polarity, which could certainly be reduced by simply
reducing the injector anticrossing or with a thicker injection barriers. This is the first
demonstration of asymmetric bidirectional lasers, based on three-well period active
region, emitting in dual-color mode.
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Figure 5.4 Experimental results of a Fabry-Perot cavity bidirectional THz QCL,
BIDR196B, Wafer No. VB0788. The L-I characteristics from a 1.1 mm
150 m metal-metal cavity ridge laser device are shown in pulsed opera-
tion for (a) positive-polarity, and (b) negative-polarity operation. The
insets show laser spectra measured in linear-scan mode using a Fouri-
er-transform infrared spectrometer and a room-temperature pyroelectric
detector at 46 K.
Figs. 5.5(a) and 5.5(b) show L-I characteristics of a representative Fabry-Perot
cavity QCL from VB0790.
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Figure 5.5 Experimental results of a Fabry-Perot cavity bidirectional THz QCL,
BIDR196B, Wafer No. VB0790. The L-I characteristics from a 1.0 mm
150 m metal-metal cavity ridge laser device are shown in pulsed opera-
tion for (a) positive-polarity, and (b) negative-polarity operation. The
insets show laser spectra measured in linear-scan mode using a Fouri-
er-transform infrared spectrometer and a room-temperature pyroelectric
detector at 46 K.
5.3 Bidirectional THz QCL for Broadband Operation
We further explored the shallow barrier active region for bidirectional operation.
We designed a new active region, BIDR3W160, such that the emission frequencies
at both polarities are close to each other so that a broadband emission is achieved
from a same laser chip and increased the thickness of injector barriers for lowering
threshold current density in both polarities. Figs 5.6(a) and (b) show the conduction-
band diagram of the QCL design named BIDR3W160 (growth VB0682) in forward-
bias and reverse-bias respectively for the same active region. The design scheme in
both polarities is similar to that of BIDR196B design. This structure was grown by
molecular beam epitaxy with 160 cascaded modules, leading to 8 µm thickness of
active region as opposed to 10 µm for BIDR196B. Ridge-cavity QCLs were fabricated
with the standard metal-metal waveguides.
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Figure 5.6 One module conduction band diagram for BIDR3W160 at designed bias,
(a) at Positive Bias and (b) Negative Bias. Starting from injector bar-
rier, layer thicknessses in nm are (barriers are indicated by bold face)
6.5/8.76/3.39/8.48/6.5/16.96. The average doping in the active region
is 5.34× 1015 cm−3.
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Figure 5.7 Experimental results of a Fabry-Perot cavity bidirectional THz QCL,
BIDR3W160. The L-I characteristics from a 1.1 mm 150 m metal-metal
cavity ridge laser device are shown in pulsed operation for (a) positive-po-
larity, and (b) negative-polarity operation. The insets show laser spectra
measured at 46 K.
95
Fig. 5.7(a) and Fig. 5.7(b) shows L-Iand I-V characteristics of BIDR3W160 device
with its representative spectra in inset for positive and negative polarities respectively.
This devices lased upto 147 K with ∼400 A/cm2 threshold current density in positive
polarity and 128 K with ∼420 A/cm2 threshold current density in negative polarity.
Although this device was designed to lase at 3 and 3.4 THz in positive and nega-
tive bias, but actually its lasing was centered at 3.3 THz in positive bias and at 3.7
THz in negative bias when the device was biased at maximum gain. At peak gain,
irrespective of polarities, BIDR3W160 emits ∼33 mW peak output power in pulsed
mode. From Fig. 5.7(c), we can see that at higher heat sink temperature, the charac-
teristics temperature,To of BIDR3W160 is 87 K and 82 K while operating in positive
and negative polarities respectively. This reduction of To is consistent with their
maximum operating temperature. When the device is biased at threshold, all devices
designed with 10%-Al content demonstrates low power dissipation: 9.9 W and 8.3 W
for BIDR3W160 operated in positive and negative polarities respectively.
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Figure 5.8 Threshold current-density (Jth) versus T plotted on a semi-logarithmic
scale. A phenomenological fit to the expression Jth ∝ exp (T/T0) is
indicated by a straight line for device operating in a) Positive Bias and
b) Negative Bias respectively.
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There are two key parameters for reduced temperature performance of this QCLs.
First, to operate THz QCL on negative polarity, we need to have contact layer be-
neath the metal layer. It has been demonstrated by Kumar [59], when same device
was processed without the contact layer, almost 15 - 30 K temperature improvement
was observed in the same THz QCL design. Since bidirectional lasers are designed
such that same laser chip operates in both polarity, we have to sacrifice the temper-
ature performance. Also, another aspect in this design (BIDR3W160) was that we
reduced the active-region thickness to 8 µm as compared to commonly used 10 µm
thickness. In one hand, reducing the thickness of active region allows us to reduce the
overall bias applied to the device which consequently decreases the power dissipated
by the device hence allowing cryocooler to efficiently cool it while on the other hand,
it will lead to higher waveguide loss and thus hinders high temperature operation.
Although decreasing the thickness of active region would be beneficial for better heat
removal and higher cw operation, but the drawback is that the threshold current den-
sity increases while the maximum temperature operation decreases when operated in
pulsed mode [59].
Hence, bidirectional active region designs are ideal way to realize broadband gain
medium. We show that for best performing 3-well active region typically with 15%
Al content in barrier prevents design optimization in both polarities. However, im-
plementing shallow barriers, we also realized a broadband bidirectional THz QCL
operating in the frequency range of 3.1 – 3.7 THz with Tmax : 147 K - 128 K are
positive and negative polarities.. Bidirectional THz QCLs may be a better alternative
to achieve broadband gain at higher temperature from the same active medium when
compared to QCL designs with heterogeneous cascade structures, for applications in
THz sensing and spectroscopy.
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CHAPTER 6. THz QCLs for Lower Frequencies
6.1 Introduction
The maximum operating temperature of THz QCLs is not consistently high across
the entire frequency range and depends significantly on the emission frequency as
well as on the design scheme. The best performing THz QCLs operate at frequencies
∼ 3 THz based on resonant-tunneling (RT) injection and resonant-phonon depop-
ulation [110]. Operation up to a temperature of ∼200 K was realized for emission
frequency of ∼3.2 THz [38] in the GaAs/Al0.15Ga0.85As material system. Peak optical
power output in excess of 1 W at 10 K was reported recently for a 3.4 THz QCL [73].
For low-frequency QCLs, however, the maximum operating temperatures are much
lower. For QCLs designed for emission close to (or below) 2 THz, the best reported
values are in the range of 75− 110 K [118, 67, 107] based on designs with RT injec-
tion. It is well known that QCLs emitting at or below 2 THz are difficult to design
and may require multiple growth iterations of an exact same design that may have
worked in the past. This is exemplified by the fact that these are almost a decade old
results and that only few such QCLs have been experimentally realized. Recently,
there was a demonstration of a low-frequency (ν ∼ 1.8 THz) QCL that operated
up to a significantly higher temperature (163 K) based on a scattering-assisted (SA)
design technique [62]. The first demonstration of a THz QCL with SA technique in
Ref. [62] was not ideal, because the device showed undesired dual-color lasing, and
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more-importantly, the low-frequency emission occurred partially in the electrically
unstable bias region with a negative differential-resistance. Since then, several other
THz QCLs based on SA injection have been demonstrated as referenced chronolog-
ically in Table 6.1. However, all such latter developments of THz QCLs with SA
injection have focused on designs operating at higher-frequencies where QCLs based
on RT injection also perform equally well (or better). The objective of this work is
to demonstrate that SA injection is a better choice for design of low-frequency THz
QCLs. A 2.1 THz QCL operating up to a temperature of 144 K is realized, which
is significantly better than the previous-best of 77 K for a QCL operating at similar
frequency [118], and is the best reported value for any THz QCL operating in the
frequency range of 1.9− 2.3 THz.
Design Material system Frequency Tmax
#wells/
#sub-
bands
Jth@
10 K
(A/cm2)
Ref. [62] GaAs/Al0.15Ga0.85As 1.8 THz 163 K 4/5 865
Ref. [33] GaAs/Al0.3Ga0.7As 3.2 THz 138 K 4/4 1170
Ref. [42] In0.53Ga0.47As/In0.52Al0.48As 3.7 THz 100 K 5/6 420
Ref. [84] GaAs/Al0.3Ga0.7As 2.4 THz 153 K 4/4 800
Ref. [82] GaAs/Al0.3Ga0.7As
2.67
THz
151 K 5/4 1440
This work GaAs/Al0.15Ga0.85As 2.1 THz 144 K 4/5
745 (46
K)
Table 6.1 THz QCLs with scattering-assisted (SA) injection listed in chronological
order of development. The key design and performance parameters are
indicated.
Most design schemes for THz QCLs involve resonant-tunneling (RT) injection into
the upper laser subband. However, there are two major drawbacks of the RT injection
scheme. First, at the bias corresponding to maximum gain, the electrons from injector
subband tunnel to the upper laser subband which implies that at bias corresponding
99
to resonant-alignment, a maximum of 50% of available electrons could be injected
into the upper lasing subband (in ideal case). In reality, the tunnel coupling between
injector and upper laser subbands has to be kept weak for THz QCLs [63], and
hence, the ratio of population inversion to total electron-population is much less than
50% [123, 33]. Second, for low-frequency designs, the energy separation between
upper and lower lasing subbands is small and is close in magnitude to the energy
broadening of subbands, which limits the selective injection from injector subband
to the upper-lasing subband [62]. Such limitations of RT scheme could be overcome
by scattering-assisted (SA) injection (also referred as indirect pumping [123]) where
electron-injection into the upper radiative subband is facilitated by the fast electron-
LO-phonon scattering. As compared to the RT scheme, the potential barrier that
limits flow of current through the QCL structure the most, could be made much
thinner in the SA scheme. Not only does this increase the output power of the
QCL, but it also increases the dynamic range of current (difference between maximum
current and threshold current), which leads to better temperature performance for the
QCL [60]. This is evident when comparing the 1.8− 1.9 THz QCLs in Refs. [67, 107]
with RT injection to the 1.8 THz QCL in Ref. [62] with SA injection. The QCLs with
RT scheme had a maximum operating temperature in the range of 95−110 K, whereas
the QCL with SA scheme had a greater dynamic range for lasing and operated up to
a temperature of 163 K.
6.2 Four-Well Period Scattering Assisted Designs
First SA scheme was demonstrated by Kumar et.al. [62]. The 1.8 THz QCL with
SA scheme in Ref. [62] suffered from two problems: dual-color lasing (∼ 1.8 THz
and ∼ 4 THz), and lasing at ∼ 1.8 THz occurring predominantly in the negative
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differential-resistance (NDR) region of the QCL’s I-V characteristics. The dual-color
lasing occurred due to the fact that the intersubband transition responsible for SA
injection also results in intersubband gain due to a population inversion that could
easily develop between the injector subbands and the desired upper radiative sub-
band. Since shallow barriers with 15 % Al content were used, the intersubband
energy separation between injector and upper radiative subband was kept much be-
low the LO-phonon energy, which allows lasing to occur for that transition should
intersubband gain be established. The dual-color lasing also leads to early occurrence
of NDR prior to the desired “design” bias condition since stimulated transition due to
undesired lasing process leads to higher than desired current flow prior to the designed
bias. THz QCLs with SA scheme since the original demonstration in Ref. [62] have
focused on designs with taller barriers (i. e. greater than 15 % content in AlGaAs
barriers) as evident from Table 1.1. Additionally, all those subsequent designs have
focused on high-frequency operation (> 2.4 THz) where RT schemes typically provide
better temperature performance.
The objective of this work is to demonstrate that the original design scheme of
Ref. [62] for low-frequency THz QCLs with SA injection could indeed be implemented
with 15 % Al content barriers while eliminating the undesired dual-color lasing ef-
fect, and also to achieve lasing operation in the stable bias region of the QCL’s I-V
characteristics. We achieve those objectives by making some important changes to
the four-well design of Ref. [62], while keeping the overall injection and depopulation
schemes as well as number of wells and subbands the same as before. This includes
making the intersubband energy separation for injection closer to the LO-phonon en-
ergy, and making it more diagonal, as well as making the desired radiative transition
more diagonal. Lasing at 2.1 THz is realized up to a maximum operating temperature
of 144 K with a comparatively lower threshold current-density than that of previously
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demonstrated THz QCLs with SA injection in the GaAs/AlGaAs material system.
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Figure 6.1 Conduction-band diagrams for design SARP172 at two different bi-
ases. Starting from leftmost barrier of the period, the layer thick-
nesses in ML (monolayers) are 15/28/9/39/11/30/15/59 (with barri-
ers indicated in bold-face font) and the widest well is n-doped with
Si at 1.9 × 1016 cm−3. The average doping in the active region is
5.44 × 1015 cm−3 (3.17 × 1010 cm−2 per period). (a) Band diagram
at design-bias corresponding to peak-gain condition, at 81 mV/module
(1.39 × 106 V/m). (b) Band diagram at a lower bias of 63 mV/module
that corresponds to the extraction resonance for resonant-phonon de-
population scheme where lower radiative subband 3 aligns with subband
2.
The SA injection scheme requires a large operating electric-field across the QCL
superlattice in contrast with the RT scheme for design of THz QCLs. This makes
it difficult to implement the SA scheme with Al0.15Ga0.85As barriers (barrier-height
∼ 135 meV) when the QCL is designed for emission at higher frequencies. Conse-
quently, all but the initial demonstration for THz QCLs with SA scheme utilized
superlattices with taller barriers as can be noted from Table 5.2. However, designs
102
with tall-barriers have to employ thinner barriers to maintain optimum carrier trans-
port, which increases interface-roughness scattering that may worsen the QCL’s per-
formance [53]. Hence, for this implementation, Al0.15Ga0.85As barriers were chosen
for the superlattice as in Ref. [62].
Fig. 6.1 shows the conduction-band diagram of the design named SARP172 (wafer
VA0344) at two relevant bias conditions in which intersubband gain is realized. The
structure was grown in the GaAs/Al0.15Ga0.85As material system with 172 cascaded
periods yielding an overall thickness of ∼ 10 µm for the active-region. Structure
SARP172 is a modification of the first reported THz QCL with SA scheme in Ref. [62].
It utilizes similar design scheme of four-wells per period, in which predominantly five
subbands take part in carrier transport. The carriers are injected from an anticrossed
doublet of subbands (1′ − 5, energy splitting at resonance E1′5 ∼ 3.1 meV) into the
upper radiative subband 4 by electron-LO-phonon scattering (E54 ∼ 28.5 meV). The
radiative transition is from subband 4 to 3 (E43 ∼ 9.5 meV at the designed bias), and
the lower radiative subband 3 is depopulated by the resonant-phonon depopulation
process [111].
Several changes are made to the key design parameters of the original design
in Ref. [62] to achieve lasing in a positive-differential resistance regime and also to
suppress the undesired high-frequency lasing operation from injector subband 5 to 4.
First, the energy separation between the injector subband 5 and upper laser subband 4
was increased (28.5 meV instead of 20 meV), which makes it much closer to the GaAs
LO-phonon energy of 36 meV and eliminates the possibility of a radiative transition at
that energy. Second, the radiative oscillator strength f43 was reduced (∼ 0.39 instead
of 0.60) to make the design more diagonal, which improves selectivity of injection into
the upper laser subband. Finally, the 3− 2 alignment was purposefully detuned from
its resonant-alignment at the designated design-bias, which is determined by the bias
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corresponding to 1′− 5 alignment since it leads to maximum current transport. Such
an alignment allows the 3− 2 resonance to occur at a lower-bias (63 mV/module as
opposed to the design-bias of 81 mV/module, as shown in Fig. 6.1b), and hence, a
population inversion could be established at a much lower voltage. This ensures that
the lasing threshold is achieved at a lower current-density and also serves to increase
the dynamic range for lasing in the I-V characteristics. Metal-metal ridge-waveguide
lasers were processed similarly as mentioned in Ref. [67] but with Ta/Cu/Au as top
metal and the ridges were wet-etched using 1:8:80 H2SO4:H2O2:H2O solution. For
thermo-compression bonding, Ta/Cu layers were used on both the substrate wafer
as well as the MBE grown QCL wafer. After cleaving, the QCL-chip was indium
soldered on a copper mount and was mounted on the cold plate of a cryocooler for
characterization.
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Figure 6.2 (a) Pulsed I-V characteristic of SARP172 at 46 K from a 0.64 mm
× 150 µm ridge laser. The locations of threshold (Jth ∼ 745 A/cm2)
and peak-power (Jpeak ∼ 1350 A/cm2) current-density are indicated.
Digitized G-V characteristic of the same device is shown with green
line. (b) Conduction-band diagram of the QCL structure when biased
at 38.5 mV/module, which corresponds to a low-bias parasitic current
channel due to the 1’→2 subband alignment [67].
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Fig. 6.2(a) shows pulsed I-V and G-V (differential conductance versus voltage)
characteristics of a representative ridge-cavity QCL fabricated from the grown wafer,
measured at a heat-sink temperature of 46 K. The threshold current-density at this
temperature was Jth ∼ 745 A/cm2 and the peak-power output for the QCL occurs at
Jpeak ∼ 1350 A/cm2, which are both marked as dots respectively on the I-V curve.
The differential-conductance G (slope of the I-V curve) highlights some of the key
transport characteristics of this QCL. Each conductance peak could be associated with
a specific resonant-tunneling alignment that facilitates current flow across the QCL
superlattice. The resonance condition leads to a local maxima in the I-V curve, which
corresponds to a local minima in the G-V curve. The lasing threshold is achieved soon
after the 3− 2 extraction resonance (∼ 17 V) beyond which majority of the current
flow occurs due to 1′ → 5 tunneling and 5→ (4, 3) non-radiative scattering assisted by
LO-phonon emission. Unlike THz QCLs based on RT injection [63], no discontinuity
in the G-V curve was observed at threshold for this QCL [33]. This is likely due to the
fact that current transport across the QCL superlattice is dominated by the overall
lifetime of subbands 1′ and 5, and the reduction in the lifetime of upper radiative
subband 4 due to stimulated radiative transitions does not alter net current flow
significantly. The peak-power output occurs close to the 1′ − 5 resonance condition
(∼ 20 V), beyond which the I-V enters an NDR regime and a homogeneous bias
condition could no longer be maintained across the QCL’s superlattice. The QCL
does not show an NDR region prior to the peak-power bias in contrast to the device
in Ref. [62] since the undesired 5 → 4 lasing is eliminated, which was one of the
primary goals of this modified design. It may be noted that the threshold and peak-
power operating voltages for the QCL are much higher than the expected values.
From Fig. 6.1, the extraction resonance should occur at ∼ 10.9 V (63 mV/module)
and the design-bias alignment should occur at ∼ 13.9 V (81 mV/module). However,
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the measured G-V curve indicates that the corresponding resonances occur at almost
∼ 6 V in excess of the expected values. The origin of the extra voltage drop in the
active region is likely due to high-field domain formation in the active region that is
discussed next.
The I-V curve of this QCL reveals an occurrence of a current-plateau starting at
∼ 8 V. Assuming ∼ 1− 2 V is dropped at the QCL’s Schottky contacts, the current
plateau corresponds to a low-bias parasitic current channel alignment of subbands
1′ − 2, which should occur at 38.5 mV/module corresponding to ∼ 6.6 V across the
active region. For resonant-phonon THz QCLs based on RT injection, this parasitic
current channel could often lead to an early occurrence of an NDR in the I-V curve
and is typically minimized by keeping the tunneling barriers thick [67]. For designs
based on SA injection, current-density at this alignment is automatically small owing
to the fact that such a alignment occurs at a significantly lower bias compared to
the operating (design) bias, when subbands are located at low energies in the wells
and have weak inter-well tunnel couplings. Nevertheless, beyond the 1′−2 alignment,
theoretically the current should drop with increasing voltage in the I-V curve since the
next alignment for current flow is that of the desired 1′−5 alignment that occurs at a
much higher voltage. Such a local drop of current could lead to occurrence of high-field
domains in the QCL’s superlattice, which was also recently confirmed experimentally
for THz QCLs with SA injection scheme using scanning voltage microscopy [31]. It
was observed that not all of the QCL modules maintain homogeneous electric-field in
this bias region. Likewise, it is expected that the shown device enters such a regime
at that bias (∼ 8 V), that leads to the occurrence of an extended current plateau in
the I-V curve. As the bias is increased further, QCL modules gradually come out of
high-field domain formation and majority of the superlattice is in uniform field regime
again prior to the occurrence of threshold. However, the fact that few QCL modules
106
may still be biased at high-fields [31] in the superlattice could possibly explain the
considerable increase in the threshold and peak-power operating voltages of the QCL
compared to the expected values based on the band diagrams of Fig. 6.1.
Fig. 6.3 shows the pulsed L-I characteristics as well as spectra from a representa-
tive QCL cavity as a function of varying heat-sink temperatures (T ). The QCL lased
up to a maximum temperature of 144 K. At low-temperatures ∼ 10 mW of peak
output power was detected with a calibrated power meter. Upper inset of Fig. 6.3
shows the threshold current-density (Jth) versus T plotted on a semi-logarithmic
scale. A phenomenological fit to the expression Jth ∝ exp (T/T0) is indicated by a
straight line, which results in a value of T0 = 141 K. Fig. 6.3(b) shows represen-
tative spectra of the QCL close to threshold for different temperatures. At 46 K,
the QCL lased at ∼ 2.07 THz when biased close to threshold at 750 A/cm2. The
emission frequency changes to ∼ 2.14 THz close to the the peak current-density at
1350 A/cm2. Owing to the small Stark-shift in the gain spectrum with increasing
threshold current-densities at higher temperatures, QCL’s emission stays close to the
high frequency value. Close to the highest operating temperature at 141 K, the
emission frequency shifts to ∼ 2.2 THz. The QCL structure was designed to lase in
the frequency range of ∼ 2.0 − 2.3 THz (radiative-separation is Stark-shifted from
∼ 2 THz to 2.2 THz from low-bias to design-bias). The QCL achieves lasing pre-
dominantly at a frequency of 2.1 THz. At 46 , the center frequency of the emission
is at 2.07 THz around threshold (∼ 750 A/cm2), which shifts to ∼ 2.14 THz at the
peak current-density (∼ 1350 A/cm2), which confirms that emission is entirely due to
the 4→ 3 radiative transition. Overall, the lasing frequency spans a relatively small
range of 2.1− 2.2 THz, which is slightly lower than the designed radiative separation
of 2.3 THz for the maximum-gain bias condition. The effect of Stark-shift with in-
creasing bias is less pronounced for this QCL in its emission spectrum as compared to
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typical THz QCLs based on RT injection. This suggests that the electric-field across
wells localizing the radiative subbands does not change significantly across the range
of operation in its I-V characteristics.
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Figure 6.3 (a) Pulsed L-I characteristics from the representative Fabry-Perot cavity
QCL of dimensions 0.64 mm × 150 µm plotted as a function of heat-sink
temperature T . The measurements were performed with 200 ns current
pulses repeated at 100 kHz. (b) Representative spectra from the device
measured close to threshold at different heat-sink temperatures. For
46 K, spectrum close to the peak current-density is also shown. The
spectra were measured under vacuum with the QCL biased with current
pulses at 2% duty-cycle.
The energy separation between injector subband 5 and upper radiative subband
4 was increased for design SARP172 as compared to its parent design in Ref. [62].
This should lead to a better injection efficiency owing to the shorter lifetime due to
LO-phonon scattering 5→ 4, which is calculated to be 2.3 ps at a lattice temperature
of 77 K and an assumed electron temperature of 150 K in subband 5 as compared
to a value of 3.0 ps for the design in Ref. [62]. Additionally, the radiative transition
4 → 3 was made more diagonal to improve the injection selectivity, which could be
characterized by the lifetime ratio τ53/τ54 that is calculated to be 2.3 for SARP172
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as opposed to a value of 1.3 for the design in Ref. [62]. However, despite these design
improvements, the maximum operating temperature for SARP172 is slightly worse
than that of its parent design. A likely reason for this is due to the fact that the
injector subband 5 is energetically located close to the energy continuum over the
potential barriers, that could lead to carrier leakage at high temperatures. Such a
leakage mechanism is difficult to quantify and no accurate models exist to model such
an effect for THz QCLs. The carrier leakage over barriers could be reduced by utiliz-
ing taller barriers as has been done for all other reports for THz QCLs based on SA
injection. However, taller barriers lead to greater role of interface-roughness scatter-
ing, and have clearly not led to significant improvement in temperature performance
as evident from the summary in Table 6.1.
The variation of Jth vs. T in the L-I characteristics can provide some additional
information about the QCL. The variation is typically characterized by the parameter
T0 according to the fit to exponential relation Jth ∝ exp (T/T0). A T0 value of
∼ 140 K for this QCL is relatively similar to that of other best-performing QCLs
with the RT scheme that operate around 3 THz [59]. It must be noted that the Jth
increases more rapidly with temperature (leading to a smaller T0)in QCLs operating
at higher frequencies. In such cases, the subband(s) taking part in electron-transport
are energetically located higher in the quantum-wells, from where electron leakage into
continuum over the barriers causes a rapid degradation in intersubband gain [53]. A
large T0 for this QCL suggests the shallow barrier height in the GaAs/Al0.15Ga0.85As
material-system is not yet a deterrent to temperature performance, and that it may
be possible to implement SA scheme in the GaAs/Al0.15Ga0.85As material-system for
higher-frequency THz QCLs as well. Finally, it must be noted that THz QCLs based
on SA injection typically have larger operating current-densities, which is true for
SARP172 as well when compared to QCLs based on RT injection and operating close
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to 2 THz [67]. This is primarily because a large parallel current path exists in the QCL
structure due to 5 → 3 → 2 non-radiative scattering and tunneling process, which
by-passes the 4→ 3 radiative transition. Additionally, the operating voltage for this
design is significantly greater than that for bound-to-continuum designs [107, 118].
Both of these effects lower the quantum-efficiency of THz QCLs based on SA injection
significantly. For example, the single-facet peak wall-plug efficiency of SARP172 was
calculated as 0.04%, while for the 2 THz QCL designed with bound-to-continuum
scheme, it is calculated as 1.7% [118]. In general, the wall-plug efficiency of the QCL
discussed in this article is lower than that of the best performing THz QCLs based
on RT injection schemes. However, for THz QCLs, wall-plug efficiency is relatively
a much less significant parameter of practical importance when compared to their
maximum operating temperatures, which is the primary motivation for developing
THz QCLs based on the SA injection method.
Here we presented a 2.1 THz QCL based on a scattering-assisted injection scheme
in the GaAs/Al0.15Ga0.85As material system. We have found little evidence of in-
creased carrier leakage for the SA scheme implemented with shallow barriers (i. e.
low-Al content in the barriers). Hence, GaAs/Al0.15Ga0.85As THz QCLs with SA
injection design scheme provide optimum temperature performance especially for
low-frequency emission. With proper design strategy, we were able to achieve las-
ing in an electrically stable bias regime with positive differential-resistance. At 46 K,
the threshold current density for a representative ridge-cavity QCL was measured as
∼ 745 A/cm2 and the peak current-density was ∼ 1350 A/cm2. The relatively large
dynamic range results in a maximum operating temperature of 144 K for the QCL,
which is the highest reported value for a QCL operating in this frequency range.
Inspired by the results from SARP172, we further designed SARP168 active region
with three key differences: i) lower frequency ii) simultaneous injector and collector
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anticrossing and iii) lower doping densities.
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Figure 6.4 (a) Conduction-band diagrams for design SARP168 at designed bias, 74
mV/module, where the repeat-structure with four-wells is highlighted.
Starting from leftmost barrier of the period, the layer thicknesses in ML
(with barriers indicated in bold-face font) are 15/28/8/42/11/31/17/58
and the widest well is n-doped with Si. The average doping in the ac-
tive region is 2.007 × 1015 cm−3. (b) Anticrossing plot for SARP168 at
different biases.
From Fig. 6.4(a) and (b) we can clearly notice that the injector and collector
anticrossings, ∆1′5 and ∆32 happens at designed bias, 74 mV/module and the doping
is reduced almost by half as compared to SARP172. Fig. 6.5 shows the experimental
results from SARP172. We can notice carrier transport in the IV and also the current
densities are much lower for these devices as opposed to that of SARP172. The
lowering of current density is because of the face that the doping level was reduced
and failure to lasing might be attributed to the very fact and also operation at lower
frequency (which will have less gain).
We further proceed to design active regions for lower frequencies, ∼1.6 THz. But,
in this design we increased the doping density and design strategies similar to that of
SARP172 i.e., detuned depopulation.
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Figure 6.5 G-I-V characteristics of SARP168 (wafer No. VA0613) measured at 48
K from 1.3 mm × 100 µm device area with 250 ns pulse width repeated
at 100 KHz and gated at 1 KHz.
We received two wafers for SARP170C, VB0760 and VB0764. Wafer VB0760 was
grown 2.7 % low and VB0764 was grown 1.1%lower than the requested thickness.
Fig. 6.7(a) and (b) shows the experimental GIV from VB0760 and VB0764 devices
respectively. GV characteristics of both devices look similar and so does their IV
characteristics at 48 K. However, the current density is reduced significatly in VB0764
attributing to the growth quality. This device failed to lase and we believe that the
gain at such lower frequency is not enough for lasing.
The last variation in 4-well scattering assisted design is SAIP181. One key differ-
ence in this design as compared to other discussed in this section is its depopulation
scheme. Aforementioned structures rely on resonant phonon depopulation however,
in this design, we employ intra-well phonon depopulation. And these are some of
the earlier designs that we explored in our group. Kumar et.al., has demonstrated
the simplistic THz QCLs with 2-well structure in 2009 [61]. Such designs employ
resonant tunnelling injection and intra-well phonon depopulation. In paper, such
design strategies look robust and should have demonstrated better temperature per-
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Figure 6.6 (a) Conduction-band diagrams for design SARP170C at designed
bias where the repeat-structure with four-wells is highlighted. Start-
ing from leftmost barrier of the period, the layer thicknesses in ML
are 15/29/9/41/12/29/14/60 and the widest well is n-doped with Si
1.8× 1015 cm−3. (b) Anticrossing plot for SARP170C at different biases.
formance than three-well structure. However, such design showed poor temperature
performance and was attributed to the depopulation mechanism. We tried to explore
such depopulation mechanism in SAIP181 design.
Fig. 6.8 shows conduction band profile for SAIP181 at designed bias, 77 mV/module.
The carriers are injected from subband 1’ to 5. The energy separation between sub-
bands 5 → 3 is set as ∼30 meV which should facilitate in scattering carriers from
subband 5 to upper radiative level 3. The radiative frequency set by energy separation
between upper radiative level 3 and lower radiative level 2. The energy separation
between subbands 2→ 1 is set as ∼38 meV which should facilitate in scattering carri-
ers from lower radiative level 2 to ground state 1. Here, the depopulation happens by
LO-phonon scattering alone as opposed to the combination of resonant-tunnelling and
LO-phonon scattering in earlier designs. This active region was designed to radiate
at ∼ 2 THz.
We received two wafers for this design: VA0343 and VA0345. Wafer VA0343 had
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Figure 6.7 (a) G-I-V characteristics of SARP168 (wafer No. VA0613) measured
at 48 K from 1.1 mm × 120 µm device area with 250 ns pulse width
repeated at 100 KHz and gated at 1 KHz. (b) G-I-V characteristics of
SARP168 (wafer No. VA0613) measured at 48 K from 1.2 mm × 120 µm
device area with 250 ns pulse width repeated at 100 KHz and gated at 1
KHz.
poor surface and was grown 0.5 % lower than the desired thickness while wafer VA0345
also had outer cloudy ring in the surface was was grown 0.6 % higher than the desired
thickness. Both wafers were processed in to the laser cavity and Fig. 6.9 shows the
experimental results for both devices. In Fig. 6.9(a) we can see the I-V characteristics
of VA0343 Fabry-Perot cavity. The turn-on voltage of this structure was repeatedly
found out to be much higher that other devices ever tested in QCL Group and also
it was mentioned during the growth that the epi-grown surface was poor and hence
we attributed the I-V characteristics to the growth quality. Fig. 6.9(b) is the G-I-V
characteristics of VA0345 Fabry-Perot cavity. From G-V characteristics we can see
that there are some carrier transport property in the I-V curve however the device
failed to lase. We attribute this to the depopulation scheme which is tricky to realize
because of LO-phonon absorption being dominant mechanism for the loss.
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Figure 6.8 (a) Conduction-band diagrams for design SAIP181 at designed bias
where the repeat-structure with four-wells is highlighted. Starting
from leftmost barrier of the period, the layer thicknesses in ML are
18/24/11/33/14/24/10/42 and the widest well is n-doped with Si
5.5× 1015 cm−3. (b) Anticrossing plot for SAIP181 at different biases.
6.3 Three-Well Period Scattering Assisted Designs
THz QCLs based on resonant-phonon depopulation scheme with three-well period
has shown better temperature performance than that of its four-well counterpart and
has been demonstrated in Fig. 4.15 in this chapter as well. However, reducing number
of wells does not necessarily lead to robust QCLs as was discussed earlier for two-well
periods QCLs [53]. There are various challenges associated with each design strate-
gies. Four-well period scattering assisted designs has been introduced and reviewed
earlier in the section. As discussed in introduction of scattering assisted designs, such
design strategies can be employed to demonstrate lower frequency operation with
robust temperature performance since chemicals and materials has their signature
finger-print at lower terahertz frequencies. In the remaining part of this section, I
will discuss our attempt to understand scattering assisted designs with three-well
period.
Our first attempt in three-well period scattering assisted designs was SA3W210.
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Figure 6.9 (a) I-V characteristics of SAIP181 (wafer No. VA0343) measured at 77
K from 0.8 mm × 100 µm device area with 200 ns pulse width repeated
at 100 KHz and gated at 1 KHz. (b) G-I-V characteristics of SAIP181
(wafer No. VA0345) measured at 77 K from 0.75 mm × 100 µm device
area with 200 ns pulse width repeated at 100 KHz and gated at 1 KHz.
Fig. 6.10 (a) shows the conduction band profile of such active region at designed
bias, 62 mV/module. Injection phenomena in such active region is similar to previ-
ously discussed Scattering Assisted designs where, carriers are injected from ground
state of previous module 1’ to subband 4. The energy separation between subband 4
and upper-radiating level 3 is 24.8 meV i.e., electrons are injected to upper-radiating
subband via LO-phonon scattering. The radiation is between levels 3 and 2 and this
structure was designed for 1.7 THz. The depopulation scheme is similar to that of
SAIP181 design mentioned in previous section. Alignment of various subbands are
shown in Fig. 6.10(b).
We would like to thank Prof. Jerome Faist and Dr. Mattias Beck for the fruitful
collaboration. They agreed to grow this active region but unfortunately, we did
not observe any lasing signal from it. The I-V characteristics look similar to that
of SAIP181 and they both have same depopulation scheme. Hence, it is safe to
predict that intra-well phonon depopulation might be the main reason for such designs
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Figure 6.10 (a) Conduction-band diagrams for design SA3W210 at designed bias
where the repeat-structure with three-wells is highlighted. Start-
ing from leftmost barrier of the period, the layer thicknesses in
ML are 14/30/8/38/13/67 and the widest well is n-doped with Si
1.1 × 1016 cm−3. (b) Anticrossing plot for SA3W210 at different bi-
ases.
for lower gain. Also the lasing frequencies were designed almost similar for both
structures.
Second iteration of SA3W design family was SA3W206. This wafer was grown in
Sandia National Lab. The design of SA3W206 is similar to that of SA3W210 however
with slightly larger oscillator strength and designed at 2.8 THz. The frequency was
higher in this design since the gain would be higher when the THz QCLs are designed
at higher frequencies and hence better chance of realization. Also it has been noticed
in Table 6.1 that scattering assisted designs has better temperature performance when
designed at lower frequencies.
We received three wafers for SA3W206 design: VB0728, VB0729 and VB0730.
Wafers VB0728, VB0729 and VB0730 were grown 0.25% higher, 0.94% lower and 1.6%
lower than desired thickness respectively. For multiple fabrication run, VB0728 did
not survive through the process and has not been measured. However, the electrical
characteristics of both VB0729 and VB0730 are identical. Fig. 6.13 shows the G-I-V
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Figure 6.11 (a) G-I-V characteristics of SA3W210 (wafer No. EV2157) measured
at 48 K from 0.94 mm × 100 µm device area with 300 ns pulse width
repeated at 100 KHz and gated at 1 KHz.
characteristics of VB0730 measured at 48 K from 1.02 mm × 120 µm device area.
I-V characteristics of this device is similar to that of its predecessors SA3W210 and
EV2157.
So far all the devices with three-well period scattering assisted design discussed
above has same depopulation scheme as that of SAIP181 and such depopulation
mechanism are not as robust as that of resonant-phonon depopulation. From here on,
I will discuss some of our design strategies to implement three-well period scattering
assisted design with resonant-phonon depopulation scheme.
One key difference in this design as compared to others is that the electrons are
injected in the first-excited state (1’→ 5) in the following module. Electrons are then
scattered from first-excited state 5 to upper radiative level 4. The energy separation
between these two levels (E54) are 27.62 meV. The energy separation between two
lasing levels are 9.37 meV (∼ 2.2 THz) with oscillator strength 0.36. Lower radiat-
ing level 3 comes in resonance with depopulation level 2 (collector anticrossing, ∆32
= 3.45 meV and electrons are scattered to ground state 1 via LO-phonon scatter-
ing. Fig. 6.14(a) shows the one-module conduction band diagram for IWSA170 and
Fig. 6.14(b) is its corresponding anticrossing plots.
We received two wafers for IWSA170 designs: VB0714 and VB0715. VB0714
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Figure 6.12 (a) Conduction-band diagrams for design SA3W206 at designed bias
where the repeat-structure with three-wells is highlighted. Start-
ing from leftmost barrier of the period, the layer thicknesses in ML
are 16/30/11/35/11/69. The injector barrier is δ-doped with Si
2.8 × 1010 cm−2. (b) Anticrossing plot for SA3W206 at different bi-
ases.
is grown 2% lower and VB0715 is grown 0.12 % lower than the desired thickness.
Fig. 6.15(a) and (b) shows the electrical characteristics of VB0714 and VB0715 re-
spectively. One sharp peak in G-V for VB0714 at around 12 V is due to the switching
of relay in the pulser and it is also evident in the I-V curve. To eliminate this, the
device area of VB0715 was increased so that such switching happens at lower bias.
For the IWSA170 design, both wafers have quite well behaved I-V s. The current
density is as expected and everything looks perfect except that the design bias NDR
appears to occur at higher voltage (∼ 16-18 V instead of designed ∼ 13 V). This
could very well be due to the small NDR that happens at very low voltage. This
low-voltage NDR is characteristic of all SA injection designs, and I think it pushes
design bias higher because some QCL modules may not be biased uniformly once that
NDR occurs. At this point, our understanding of why this did not lase is because of
subband alignments.
The second iteration of IWSA family is IWSA175B.
The difference in this design as compared to that for IWSA170 is the detuned
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Figure 6.13 G-I-V characteristics of SA3W206 (wafer No. VB0730) measured at 48
K from 1.02 mm × 120 µm device area with 300 ns pulse width repeated
at 100 KHz and gated at 1 KHz.
depopulation as in SARP172. Fig. 6.16(a) shows the conduction band profile of
IWSA175B at designed bias, 75 mV/module. The injector anticrossing, ∆1′5 = 1.8
meV, happens at designed bias while collector anticrossing, ∆32 = 3.8 meV, happens
at 52 mV/module as shown in Fig. 6.16(b). The oscillator strength has also been
increased to 0.53 for this structure.
Two wafers were received for IWSA175B: VB0757 and VB0758. VB0757 was
grown 1.4 % higher and VB0757 was grown 0.4 % higher than the desired thick-
ness. Both wafers were fabricated into metal-metal waveguide cavity with Ti/Cu and
Ti/Cu/Au as bottom and top metal. Fig. 6.17(a) and (b) are the electrical charac-
teristics G-I-V of VB0757 and VB0758 respectively. We can observe that the I-V
curve for both wafers are quite similar upto ∼20 V and after that there is an abrupt
change of current for VB0757. Also we can notice the reduction of current density of
VB0758 as compared to that of VB0757.
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Figure 6.14 (a) Conduction-band diagrams for design IWSA170 at designed bias.
Starting from leftmost barrier of the period, the layer thicknesses in
ML are 15/67/7/41/14/65. The collector barrier is δ-doped with Si
2.5× 1010 cm−2. (b) Anticrossing plot for IWSA170 at different biases.
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Figure 6.15 (a) G-I-V characteristics of IWSA170 (wafer No. VB0714) measured
at 48 K from 0.78 mm × 100 µm device area with 200 ns pulse width
repeated at 100 KHz and gated at 1 KHz. (b) G-I-V characteristics of
IWSA170 (wafer No. VB0715) measured at 48 K from 1 mm × 100 µm
device area with 200 ns pulse width repeated at 100 KHz and gated at
1 KHz.
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Figure 6.16 (a) Conduction-band diagrams for design IWSA175B at designed bias
where the repeat-structure with three-wells is highlighted. Starting
from leftmost barrier of the period, the layer thicknesses in ML are
16/67/8/36/12/65. 1.7× 1016 cm−3 continuous doping in 65ML injec-
tor well. (b) Anticrossing plot for IWSA175B at different biases.
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Figure 6.17 (a) G-I-V characteristics of IWSA175B (wafer No. VB0757) measured
at 48 K from 0.89 mm × 100 µm device area with 250 ns pulse width
repeated at 100 KHz and gated at 1 KHz. (b) G-I-V characteristics of
IWSA175B (wafer No. VB0758) measured at 48 K from 1.04 mm ×
100 µm device area with 250 ns pulse width repeated at 100 KHz and
gated at 1 KHz.
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6.4 Continuous Electrical Tuning of 2.1 THz QCLs at 77 K
In this section, the device SARP172 is used to demonstrate electrical tuning (same
as that for TUNDET202) at liquid nitrogen temperature. The temperature perfor-
mance of SARP172 is much better than that of TUNDET202, hence we can demon-
strate tuning at higher heat sink temperature for SARP172. Fig. 6.18(b) illustrates
the conduction-band diagram for low-bias at which the upper laser subband is in
alignment with excited subband in the wide phonon-depopulation well. Wavefunc-
tion overlap between subband 3 and subband 1 is smaller than wavefunction overlap
between subband 4, 2 and subband 1, moreover E31 is detuned from LO phonon en-
ergy while E41 and E21 are in resonance with LO phonon energy. Both factors indicate
LO phonon scattering rate between subband 4, 2 to subband 1 are faster than that
between subband 3 to subband 1. At this resonance, there is intersubband absorption
in the active region due to 3 → (2, 4) at a frequency of ∼1.7 THz, since electrons
primarily get localized in subband 3 [124].
Figure 6.18 (a) Conduction-band diagrams for design SARP172 at designed bias
(same as Fig. 6.1). (b) Conduction-band diagram at lower bias for the
same QCL structure. At 51 mV/module, upper radiative subband 4 is
aligned to phonon subband 2 in depopulation well.
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The QCL laser ridge which is biased above its threshold is referred as “lasing
cavity” while the other ridge which is biased below threshold is referred as “control
cavity” since it contributes to intersubband absorption inducing electrical suscepti-
bility change. Both ridges are fabricated from identical active region, actual role of
each laser ridge essentially relies on its bias condition. The function of each laser
ridge can be simply exchanged by switching their bias condition [124].
Figure 6.19 (a) Pulsed LIV characteristics of individual device (#1) with spectra
on the top left corner. (b) Pulsed LIV characteristics of individual
device (#2) with spectra on the top left corner.
Two Fabry-Perot cavities are mounted laterally adjacent to each other with a
narrow gap (¡ 5 µm) to form optically coupled-cavities, facilitated by the large lateral
mode extent at THz frequencies. The two ridges are electrically isolated and can be
biased independently. The width of bothridges are 60 µm, and the lengths are 685
µm and 775 µm respectively. The 685 µm long ridge is referred as “ridge 1” while
the 775 µm long ridge is referred as the “ridge 2”. Before measuring lasing peak shift
due to cavity-pulling induced by detuned intersubband absorption, both QCL ridges
are separately applied bias to characterize their performance respectively. LIV curves
and spectra of individual laser ridges measured at 78 K are shown in Fig. 6.19. Inset
spectra indicate that both QCL ridges can lase at single mode by specifying proper
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bias. QCL ridge 1 is lasing at 2.39 THz under a device voltage of 18.6 V and emitting
3 mW peak optical power when current density is 1180 A/cm2. Resonant frequency
of QCL ridge 2 is 2.173 THz when applying 18.5 V bias. THz power radiating out
from facet is 3.3 mW at a current density of 1230 A/cm2 [124].
Figure 6.20 (a) Pulsed LIV characteristics of individual device (#1) with spectra
on the top left corner. (b) Pulsed LIV characteristics of individual
device (#2) with spectra on the top left corner.
The bias of the lasing cavity is kept at 17.8 V where it lases at single mode. The
control-cavity is biased below lasing threshold, thus it only contributes to intersub-
band absorption centered at about 1.7 THz. If control cavity bias is around 14 V,
conduction-band diagram will correspond to the case shown in Fig. 6.18(b). When
the control-cavity is biased around 51 mV/module, emission spectrum from the lasing
cavity remains single mode and there is no lasing observed from the control-cavity.
When the bias of control-cavity is increased from 13.75 V to 14.5 V, emission from
the lasing-cavity is continuously tuned by 4 GHz as shown in Fig. 6.20(b). When the
bias condition is switched, continuous tuning of 5 GHz was realized Fig. 6.20(a) [124].
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CHAPTER 7. Development of Novel Refractive Index
Sensor using THz QCLs
7.1 Introduction
It has long been known that the THz/far-infrared region of the spectrum (ν ∼
1 − 10 THz, λ ∼ 30 − 300 µm, photon energy hν ∼ 4 − 40 meV) is ideal in many
ways for chemical and biological sensing, imaging, and spectroscopy [39, 15, 95, 22]
and has been discussed in Chapter 1 of this thesis. Many molecular species have
very strong characteristic THz rotational and ro-vibrational transitions (both inter
and intra-molecular), and hence could be “fingerprinted” with THz spectroscopy.
Laser based chemical sensors can be realized in a large number of modalities, and
sense the absorption or refractive-index of the analyte at a single or range of frequen-
cies [126]. Detail information about different spectroscopic techniques can be found
in Ref. [126]and [124].
THz QCLs [56, 110, 53] are required to be cryogenically cooled although they
can now operate above 160 K when designed to emit in the frequency range of
ν ∼ 2 − 5 THz. For sensor development, stable frequency and high average power
mandates single-mode cw operation. However, such THz QCLs can only operate up
to temperatures of 80−100 K and the cw power output is of the order of 1 mW above
liquid-Nitrogen temperature. THz QCLs have additional challenges. Their cavities
confine the optical mode in sub-wavelength dimensions and hence the commonly used
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external-cavity tuning technique is not applicable with the low-loss metallic cavities.
A micromechanical tuning method has been demonstrated [80]; however, the scheme
is complex and more work needs to be done to demonstrate cw operation with good
beam quality for such tunable QCLs. The lack of electrical methods to tune fre-
quency and low output power make it difficult to devise a sensing scheme with THz
QCLs based on intensity interrogation because of challenges related to interference
and noise, and more so when spectroscopic sensing is desired by utilizing an array
of single-mode QCLs that operate at different frequencies, which will then involve
challenges with beam combining and intensity calibration. To this end, the recent
demonstration of THz QCL frequency combs [16, 86] appears to be the most promis-
ing development to address applications in THz absorption spectroscopy, primarily
for gas-phase sensing [126].
7.2 Antenna Coupled Distributed Feedback Lasers
Before moving on to this chapter, I would like to introduce the concept of Antenna
Coupled DFB that was recently developed and demonstrated in QCL Group. The
concept of Antennal Coupled DFB will be frequently mentioned while explaining the
sensing schemes.
Single-mode THz quantum cascade lasers (QCLs) are sought for a variety of appli-
cations in THz sensing and spectroscopy. For most applications, a narrow symmetric
beam is desired otherwise usable optical power is significantly reduced. Beam quality
of THz QCLs is not optimal owing to the sub-wavelength dimensions of the resonant-
cavities, especially for the metal-metal waveguides that provide better temperature
performance. The narrowest beam patterns (in two dimensions) for THz QCLs are
obtained by implementing a third-order distributed-feedback (DFB) scheme [8]. How-
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ever, there are some challenges associated with the third-order DFB THz QCLs in
that a perfect phase-matching condition must be established lithographically [48],
which may not always be precise due to its dependence on the lasing frequency. We
theoretically and experimentally demonstrate a new “antenna-coupled DFB scheme
for THz QCLs with metal-metal cavities [120].
Conventional p-th order 
distributed-feedback:
Antenna-feedback:
Λ = p λ/(2na)
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Figure 7.1 (a)–(c) Concept of conventional DFBs. (d)–(f) Concept of Anten-
na-Feedback [121].
The schematic in Fig. 7.1(a) shows an example of a periodic grating in the top
metal cladding for a parallel-plate metallic cavity that could be utilized to implement
conventional p-th order DFB by choosing the appropriate periodicity. Since the SPP
mode has maximum amplitude at the interface of metal and dielectric active medium,
a periodic perturbation in the metal film could provide strong Bragg diffraction up
to high-orders for the counter-propagating SPP waves inside the active medium with
incident and diffracted wavevectors ki and kd = −ki respectively, such that
ki = p
2pi
Λ
+ kd (7.1)
where Λ is the grating period, 2pi/Λ is the grating wavevector, and p is an integer
(p = 1, 2, 3 . . .) that specifies the diffraction order. For plane-wave like modes at
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frequencies far away from the plasma resonance in metal, ki ≈ 2pina/λ, where λ is
the free-space wavelength corresponding to the SPP mode and na is the effective
propagation index in active medium (approximately the same as refractive index
of the medium), the so-called Bragg mode with λ = 2naΛ/p is resonantly excited
because it is, by design, the lowest-loss mode in the DFB cavity within the gain
spectrum of the active medium. For terahertz QCLs with metallic cavities, first-
order [113] and second-order [37, 68] DFBs have been implemented to achieve robust
single-mode operation. However, these conventional DFB techniques do not achieve
directionality of far-field radiation in both directions. There is phase mismatch for
SPP waves on either side of metal claddings and destructive interference between
successive apertures, as shown in Fig. 7.1(b) for propagating SPP waves. Therefore,
no coherent single-sided SPP waves can be established on the metallic cladding in the
surrounding medium as demonstrated in Fig. 7.1(c) [121].
In contrast to conventional DFB methods in which periodic gratings couple for-
ward and backward propagating waves inside the active medium itself, the antenna-
feedback scheme couples a single-sided SPP wave that travels in the surrounding
medium with the SPP wave traveling inside the active medium as illustrated in
Fig. 7.1(d). The SPP wave inside the active medium with incident wavevector
ki ≈ 2pina/λ is diffracted in the opposite direction in the surrounding medium with
wavevector kd ≈ −2pins/λ. For the first-order diffraction grating (p=1), above equa-
tion results in
2pina
λ
=
2pi
Λ
− 2pins
λ
(7.2)
that leads to excitation of a DFB mode with λ = (na + ns)Λ, which is different
from any of the p-th order DFB modes that occur at λ = 2naΛ/p. Hence, the
antenna-feedback mode could always be excited by just selecting the appropriate
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grating period Λ such that the wavelength occurs close to the peak-gain wavelength
in the active-medium. For GaAs/AlGaAs based terahertz QCLs, na ∼ 3.6, ns = 1,
and hence for a chosen grating-period Λ, the first-order DFB, antenna-feedback, and
second-order DFB modes occur at wavelengths 7.2 Λ, 4.6 Λ, and 3.6 Λ respectively.
The typical gain-bandwidth of terahertz QCLs is less than 20% of the peak-gain
wavelength, which suggests that the grating has to be designed specifically to excite
the antenna-feedback mode [121].
The antenna-feedback scheme leads to excitation of a coherent single-sided SPP
standing-wave on the metallic cladding of the spaser, which is phase-locked to the
resonant-cavity SPP mode inside the active medium as shown in Fig. 7.1(f). Both
waves maintain exact same phase relation at each aperture location, where they ex-
change electromagnetic (EM) energy with each other due to diffraction as illustrated
in Fig. 7.1(e). The SPP wave in the surrounding medium is excited due to scattering
of EM field at apertures and superimpose constructively in only the end-fire (z) di-
rection owing to the phase-condition thus established at each aperture. For coupling
to far-field radiation, the radiation is therefore analogous to that from an end-fire
phased array antenna that produces a narrow beam in both x and y directions [121].
The active-medium of the QCLs is based on a three-well resonant-phonon design
with GaAs/Al0.10Ga0.90As superlattice (design RTRP3W197), which is described in
Ref. [53], and was grown by molecular-beam epitaxy.The QCL superlattice is 10 µm
thick with an average n-doping of 5.5 × 1015 cm−3, and surrounded by 0.05 µm and
0.1 µm thick highly-doped GaAs contact layers at 5× 1018 cm−3 on either side of the
superlattice. Fabrication of QCLs with parallel-plate metallic cavities followed a Cu-
Cu thermocompression wafer bonding technique as in Ref. [68] with standard optical
contact lithography. Following wafer-bonding and substrate removal, positive-resist
lithography was used to selectively etch away the 0.1 µm thick highly-doped GaAs
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layer from all locations where top-metal cladding would exist on individual cavities
except in ∼ 5 µm wide regions at the outer rectangular boundaries of the top-metal
layer due to overlapping mask layers. The removal of this layer beneath the top-metal
does not impact electrical transport significantly except adding a small voltage drop
at the top contact during QCL operation. Importantly, this lithography step allows
radiative outcoupling from the apertures in the finally fabricated QCL cavities; and
simultaneously serves to implement longitudinal and lateral absorbing boundaries by
leaving the highly-doped GaAs layer exposed at both longitudinal and lateral edges
of the QCL cavity. The absorbing boundaries result in a highly lossy propagation
of the SPP modes in those regions [28]. While the longitudinal boundaries help in
DFB mode discrimination, the lateral boundaries are useful to eliminate higher-order
lateral guided modes by making them more lossy in comparison to the fundamental
mode [68, 23, 8] [121].
Experimental far-field beam patterns for antenna-feedback QCLs with varying
designed parameters are shown in Fig. 7.3. Single-lobed beams in both lateral (x)
and vertical (y) directions were measured for all QCLs. As shown in Fig. 7.3(b),
the full-width half-maximum (FWHM) for the QCL with 70 µm width, Λ = 21 µm
is ∼ 4◦ × 4◦, which is the narrowest reported beam-profile from any terahertz QCL
to-date [121].
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Figure 7.2 (a) The schematic on left shows the QCL with antenna-feedback grat-
ing implemented in top metal cladding. A scanning-electron microscope
image of the fabricated QCLs is shown on the right. (b) Experimental
temperature dependent light-current-voltage characteristics of a repre-
sentative QCL with antenna-feedback of dimensions 1.4 mm × 100 µm.
(c) Measured spectra for four different antenna-feedback QCLs with vary-
ing grating periods Λ, but similar overall cavity dimensions. The QCLs
are biased at a current-density ∼ 440A/cm2 at 78K [121].
132
-15    -10     -5       0       5      10     15    
θ (degrees)
-5
0
5
15
-10
10
100 μm width, Λ = 21 μm
φ 
(de
gre
es
)
(a)
(c) 100 μm width, Λ = 24 μm
-15    -10     -5       0       5      10     15    
θ (degrees)
-5
0
5
15
-10
10
φ 
(de
gre
es
)
(d)
FWHM 4o x 5o
-15    -10     -5       0       5      10     15    
θ (degrees)
-5
0
5
15
-10
10
70 μm width, Λ = 21 μm
φ 
(de
gre
es
)
(b)
FWHM 4o x 4o
0
Max
FWHM 5o x 5o  
φ
θ
00
900
00
900
x
y
z
Figure 7.3 a) Schematic showing orientation of QCLs and definition of angles. The
QCLs were operated at 78 K in pulsed mode and biased at ∼ 440 A/cm2
while lasing in single-mode. The plots are for QCLs with ∼ 1.4 mm
long cavities and (b) 70 µm width and Λ = 21 µm grating emitting
at ∼ 3.1 THz, (c) 100 µm width and Λ = 21 µm grating emitting at
∼ 3.1 THz, and (d) 100 µm width and Λ = 24 µm grating emitting at
∼ 2.9 THz respectively [121].
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7.3 Description of proposed sensing scheme
7.3.1 DFB cavities radiating in different directions
The best performing THz QCLs are implemented in parallel-plate metallic cav-
ities [112] similar to microstrip transmission lines at microwave frequencies, owing
to low optical loss in metals at long wavelengths [55]. Whereas metallic ridge cavi-
ties are excellent for THz mode-confinement, their spectral and modal characteristics
make it difficult to implement many techniques that are used for conventional diode
lasers. First, such lasers excite several lateral and longitudinal modes simultaneously,
invariably leading to multi-mode lasing across the gain bandwidth, which is typi-
cally up to 0.5 THz around the designed frequency. Second, THz QCLs with such
ridge-cavities have very poor diffractive beam patterns due to the sub-wavelength
dimension of the emitting facets [5]. To achieve single-mode lasing and radiation in a
narrow beam, distributed-feedback (DFB) has been implemented in various ways by
implementing periodic photonic structures lithographically in such cavities. Different
types of DFB THz QCLs have been developed such as the ones with a first-order [78],
second-order [68], third-order [8] gratings respectively [126].
The proposed work requires to implement a pair of coupled DFB lasers that emit
at almost similar frequency (within lithographic variations that could result in a
frequency difference of few GHz). One QCL will be termed as the sensing QCL and
the other as the reference QCL. There are two primary requirements. First, the two
DFBs should lead to emission in different directions. This is because the sensing QCL
emits radiation towards analyte, a fraction of which is then reflected back into the
same cavity and hence alters the resonant frequency of the QCL as a function of the
complex refractive-index of the analyte. The resonant-frequency of the second QCL
should, however, remain unaffected by the presence of the analyte, and hence it should
134
radiate in a different direction. The second requirement is that both QCL cavities
need to have strong optical coupling. This aspect is discussed in the subsequent
section. For the proposed sensor, we choose to implement a second-order DFB cavity
similar to that in Ref. [68] and an antenna-DFB cavity similar to that in Ref. [121].
7.3.2 Strong optical coupling between longitudinally adjacent DFB cav-
ities
In the proposed scheme, the shift in resonant-frequency of the sensing THz QCL
is recorded, which is then indicative of the refractive-index of the analyte at that
frequency. As shown subsequently, this shift in the resonant frequency is of the
order of ∼ 1 − 1000 MHz, and hence could be measured by a microwave spectrum
analyzer so long as frequency could be downconverted to a microwave regime. The
reference THz QCL serves the required purpose of downconversion. The optical field
from the sensing QCL is coupled strongly to the reference QCL, by aligning the
cavities longitudinally on the mask. As the field leaks into the adjoining coupled
cavity, intracavity non-linear mixing in the QCL gain medium produces a microwave
difference frequency signal, that could then be extracted from the bias terminals of
each QCL, or could even be picked from a free-standing coaxial connector inside the
vacuum dewar inside which the QCLs are mounted for cooling. This is because the
microwave signal thus generated will also be radiated from each of the QCL cavities
inside the cryocooler dewar compartment.
In the proposed sensing scheme, one of the cavities is a second-order DFB cavity
and the other is an antenna-DFB cavity. Either of the cavities could be utilized
as a sensing cavity, and then the other one becomes the reference cavity. Fig. 7.4
shows the finite-element simulation for demonstrating the optical coupling between
sensing and reference DFB cavity. The results from a finite-element two-dimensional
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simulation (assuming cavities of infinite width) are shown. The optical field for the
lowest-loss resonant-cavity modes for respective cavities are plotted along the length
of the cavities. The cavities are aligned longitudinally (i. e. in x direction) with a
spacing of 100 µm between the end-facets. The antenna-DFB cavity is ∼ 1.3 mm
long and is designed with grating period Λ = 21 µm, with absorbing regions of
length 40 µm at both ends. The second-order DFB cavity is ∼ 0.6 mm in length
and is designed with Λ = 26.6 µm, without any absorbing regions. The shorter the
length of the second-order DFB cavity, the greater is the coupling because larger
field exists at its end-facets.. For the chosen grating periods, the resonant-modes
for each cavity occur a frequencies separated by ∼ 0.8 GHz. The TM field |Ez| is
extracted from the center location of cavity’s height and is plotted as a function of
longitudinal dimension. Fig. 7.4(a) When the mode is localized within the antenna-
DFB, significant field couples in to the second-order DFB cavity. The peak amplitude
of the electric-field in second-order DFB cavity is ∼ 15% of that in the antenna-DFB
cavity. Fig. 7.4(b) When the mode is localized within the second-order DFB cavity,
its coupling to antenna DFB is smaller at ∼ 8%, but still significant.
As shown in Fig. 7.4 the field coupling from antenna DFB to second-order DFB
is significant. Although it is difficult to estimate the non-linear conversion efficiency,
it is well known that strong intracavity mixing occurs in THz QCL cavities [32, 16].
A microwave-signal produced as a result of the intracavity mixing (designed to be
<5 GHz) will appear on the biasing terminal of both DFB cavities, although it will
be stronger on the biasing terminal of the second-order DFB QCL because of the
larger coupled field inside second-order DFB cavity compared to the antenna-DFB
cavity. This microwave signal can be extracted by a bias-T in the external coaxial
connectors of the cryocooler. Alternatively, an open coaxial connector could be placed
inside the cryocooler compartment that will pick up the radiated microwave signal in
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the compartment.
7.3.3 Sensing architecture
A surface-emitting second-order DFB QCL in combination with antenna-DFB
QCL placed face-to-face forms the vital element of proposed sensor architecture, which
is described in Fig. 7.5. Each pair of DFB QCLs will be designed with proper ge-
ometry and grating period so that their nominal emission frequency is almost the
same. However, taking standard fabrication/lithographic variations into account, it
is expected that the lasing frequency of the two QCLs in each pair could be within
few GHz of each other. An array of single-mode DFB THz QCLs on a semiconductor
chip of typical dimension 2 mm× 2 mm will be mounted inside a Stirling cryocooler
that is cooled down to ∼ 70 K. This will allow operation of QCLs in continuous-
wave (cw), which is possible for present active-region designs. Note that multiple
such chips with QCLs processed from different active regions could be simultaneously
mounted, with the capacity to cover the entire THz spectral region in which cw op-
eration above ∼ 60 K is available for single-mode QCLs, which is approximately the
frequency region of 2− 4.5 THz. Relatively low-cost cryocoolers, such as the Cryotel
GT model from Sunpower, Inc., are now available with relatively modest electrical-
power requirements and small weight that can allow operation with a portable setup.
Fig. 7.5 demonstrates the proposed architecture of the THz sensor instrument.
An array of single-mode DFB THz QCLs on a semiconductor chip will be mounted
on the cold-stage of an electrically operated Stirling cryocooler with a vacuum dewar
attachment. The QCLs will be cooled down to ∼ 70 K in cw operation. ‘n’ pairs of
sensing and reference QCLs will be designed for emission at discrete frequencies fn by
lithographically implementing the appropriate grating periods. QCLs will be located
on chip such that only the sensing QCL out of each pair will be affected by analyte
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during operation. The analyte in condensed or liquid phase will be placed outside
the dewar in a channel or vial made of a material such as high-density polyethylene
(HDPE) or polymethylpentene (TPX) with low THz absorption. Similarly, the de-
war’s window will be made of TPX or HDPE. The resonant-frequency of n-th sensing
QCL depends sensitively on the complex refractive-index of the analyte at frequency
fn. THz field from sensing and reference QCLs are mixed in the QCL cavities itself.
For intracavity mixing, cavities are placed adjacent to each other longitudinally and
are kept electrically isolated. The microwave beat signal (generally in an order of
GHz) will be relayed outside the dewar and can be extracted by a bias-T in the exter-
nal coaxial connector. The frequency of the microwave signal from n-th pair of QCLs
is representative of the refractive-index of the analyte at frequency fn. Two sensing
schemes are possible: Fig. 7.5(a) In this scheme, antenna-DFB QCL emitting in the
end-fire direction works as a sensing cavity while surface-emitting second-order DFB
acts as a reference cavity. The radiation from the sensing QCL is partially reflected
back into the cavity, and the amplitude and phase of the reflected wave changes the
resonant-frequency of the sensing QCL according to the complex refractive index of
the analyte. Since emission from the second-order DFB is in surface-normal direction,
the resonant-frequency of reference QCL is not impacted by the properties of the ana-
lyte. Fig. 7.5(b) In this scheme, the second-order DFB QCL works as a sensing cavity
while antenna-DFB QCL works as reference cavity. For this reason, the analyte is
now to be placed vertically above the second-order DFB QCLs. The remainder of the
operation with this scheme is similar to (a); however, the response characteristics for
this scheme are different than that of the antenna-DFB scheme.
A sensing scheme with ‘n’ pairs of sensing and reference QCLs respectively, is
described in Fig. 7.5, in which each QCL pair leads to generation of a microwave
beat-signal that depends sensitively on the complex relative permittivity of the solid
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of liquid-phase analyte at frequency fn. Frequency fn corresponds to the emission
frequency of the DFB QCLs in each pair of sensing/reference QCLs. The microwave
beat signal will be relayed outside the dewar, and its frequency, as measured by a
microwave spectrum analyzer, will be indicative of THz dielectric response of the
analyte. Each pair of QCLs could be electrically cycled and hence, the dielectric
response of the analyte could be measured at the entire range of frequencies in which
the QCLs are implemented for broadband sensing. The speed of cycling through
the spectral range is dependent on measurement speed of the microwave spectrum
analyzer, and the entire measurement could potentially be done within a time-frame of
couple of seconds for scheme consisting of tens of pairs of DFB QCLs. Finally, sensing
of the analyte in a standoff scheme is also possible because of the reflection mode
sensing scheme. The scheme shown in Fig. 7.5(a) is more amenable in this situation
because antenna-DFBs emit radiation in an extremely narrow beam (∼ 5× 5◦ [121]),
and hence, relatively high-sensitivity should be obtainable for distances in the range
of few meters. However, note that, as show subsequently, sensitivity calculations were
performed for the case in which analyte is placed in proximity of the cryocooler. The
finite-element model used for numerical calculations in this work cannot estimate the
results for standoff-sensing due to memory limitations for full-wave electromagnetic
modeling of large geometries. Finite-element simulations of the sensing schemes and
the simulation results from such sensing schemes has been presented comprehensively
in [124].
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Figure 7.4 Coupling between sensing cavity and reference DFB cavities [126].
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Figure 7.5 Proposed architecture of the THz sensor instrument [126].
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7.4 Experimental Approach for Realizing Sensor
Theoritical foundation of such sensing scheme has been laid by Le Zhao in Refs. [124]
and [126]in our group and I am working towards the realization of such sensing scheme.
The first challenge to realize such sensing scheme is to design a vacuum chamber of a
cryocooler such that we have flexibility for measurements and characterization. The
schematic and drawing of vacuum chamber for a cryocooler is mentioned in Appendix-
3 of this thesis. The other challenge is to design a Distributed-Feedback lasers that
are forced to radiate in a particular frequency. Here, the designing of DFB lasers are
challenging since the radiating frequencies of both reference and sensing lasers has to
match. Parallel with this work, Chongzhao Wu has been working on exploration of
various distributed-feedback lasers for THz QCLs [119].
7.4.1 Challenges in fabricating DFBs
Distributed feedback cavities for THz QCLs have already been demonstrated for
first-order [113], second-order [68], third-order [8], and antenna-DFB [121]. One key
aspect of developing DFBs for THz QCLs is that there needs to be doped contact layer
on lateral and longitudinal sides. Unlike in IR lasers, THz lasers has high reflection
from facet and to suppress those, longitudinal loss sections are important and for
suppressing higher order lateral modes, lateral loss sections has to be implemented
in cavity. One thing to be noted here is that such loss section adds loss to the cavity
and hence the active region should have enough gain to overcome the overall loss of
the cavity.
Fig. 7.6 shows the optical image of the device being processed (after lift-off stage)
to implement the sensing scheme. Two different arrays of 2nd-order and Antenna
DFBs are placed face-to-face. The gap between these two DFBs is ∼100 µm. Bond-
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Figure 7.6 Optical image of the DFBs for proposed sensing scheme after metal
lift-off.
ing pads are located at the far-end of the devices. The fabrication flow for DFBs are
slightly different than that for Fabry-Perot cavity. In Fabry-Perot cavity, the con-
tact layer is completely removed after removing etch-stop layer 1 whereas, for DFBs,
after removing etch-stop layer, we need to define absorber regions by positive pho-
tolithography. Second, the gratings (which defines the order of DFBs [119]) has to
be implemented during image reversal photo-lithography. These are all taken into
account while designing the mask (as is shown in Appendix – 1, under sub-section,
Masks for Photolithography).
First effort to fabricate such sensor chips were done on wafers RTRP3W197
(VB0464) and RTRP4W159 (VB0463) with mask as in Appendix – 1: Mask for
Distributed Feedback Cavity: Version – 1. These devices when measured as a Fabry-
Perot cavity demonstrated better temperature performance. 2 Such mask has 40
1Refer Chapter – 3 for the fabrication sequence.
2Experimental results of Fabry-Perot Cavity for these devices are demonstrated in Chapter – 4.
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µm longitudinal absorber region and 18 µm lateral absorber region on each side
while when fabricated as a Fabry-Perot cavity, the absorber regions were completely
removed. Both wafers fabricated in two different batches failed to lase in desired
frequency. RTRP3W197 did not lase in both batches while RTRP4W159 lased when
implemented as Antenna-DFB, but could not excite the desired mode. While despite
not having longitudinal absorber section for 2nd-Order DFBs failed to lase as well.
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Figure 7.7 I–V characteristics of RTRP3W197 fabricated as Antenna DFB with
Mask for Distributed Feedback Cavity: Version 1 measured at 46 K. On
the right, shows the zoomed-in IV at point of interest.
Fig. 7.7 shows the pulsed I–V characteristics of RTRP3W197 at 46 K, imple-
mented as Antenna DFB. When measured as a Fabry-Perot cavity, this device shows a
sharp NDR feature with threshold current density, JTH ∼ 250 A/cm2 and peak current
density, Jpk ∼ 450 A/cm2 at 77 K. Similar current density was observed for the same
device for C. Wu [121]. The dynamic range of current density is zoomed and shown
in Fig. 7.7(right). The device after 10 sec post-etching with 1:8:80::H2SO4:H2O2:H2O.
After 10 sec of post-etching, there is not much difference in the I–V characteristics.
The same device was etched 30 secs additionally (total etch time 40 sec) and then the
144
I–V characteristics was quite different than previously. The reason for post-etching
was to remove exposed contact layer from the cavity so that the loss would be re-
duced. After careful inspection of 40 sec post-etched devices, it was observed that the
contact layer was etched under the metal and hence affecting the current transport
and not aiding for lasing action.
It was evident that due to the presence of contact layer (or absorbing layer) the
device was incurring more loss and hence could not lase. In the next iteration of
mask design. the contact layer was reduced on both longitudinal and lateral sides.
The mask was redesigned as in Appendix – 1: Mask for Distributed Feedback Cavity:
Version – 2. Longitudinal absorber was reduced from 40 µm to 10 µm and lateral
absorber region was reduced from 18 µm on each side to 4 µm on each side. Also,
contact layers were left intact beneath the bonding pads. Two wafers RTRP3W197
and BIDR3W160 were fabricated. Since, BIDR3W160 was designed to operate on
both polarities, the contact layer has to be present under metals forming the grating
however, for RTRP3W197, such contact layer can be removed.
The sensing schemes on both versions of mask were similar. Again with this mask,
antenna DFBs implemented for RTRP3W197 did not lase for reasons unknown while
the same for BIDR3W160 lased. Second-order DFBs did not lase for both devices.
We believe that second-order device did not lase because of the fact that they had
asymmetric shape (since bonding pads are only implemented on one end).
Fig. 7.9(a) shows the pulsed L–I–V characteristics of antenna DFB based BIDR3W160
measured at 48 K for grating period, Λ = 21 µm. Fig. 7.9(b) reveals that the device is
lasing predominantly at single mode (λ = 87.685 µm, ν ∼ 3.419 THz) from threshold
to peak: i) at 390 A/cm2, ii) at 410 A/cm2, iii) at 500 A/cm2 and iv) at 570 A/cm2.
The maximum temperature operation of this device was up to 76 K in for pulsed
operation with 2 mW output power at 46 K without winston cone.
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Figure 7.8 SEM image of fabricated DFBs with mask Version–2 for RTRP3W197.
Fig. 7.10(a) shows the beam of the same device mentioned in Fig. 7.9(a). Fig. 7.10(b)
and Fig. 7.10(c) is the line graph of Fig. 7.10(a) drawn along the maximum inten-
sity of beam over x and y-axis respectively. Along x-axis full-width half maximum
(FWHM) is measured to be 16.25◦ but over y-axis there are three lobes. This might
have been because of the bending of the TPX window and also due to reflection from
copper chip beneath the metal. If we consider that these three lobes are real then
FWHM along y-axis is 24.15◦ else FWHM will be 16.45◦. From the beam pattern
measurements, it looks like the device may not be an antenna-DFB device since in
Ref. [121] it has been demonstrated that antenna-DFB device will have much nar-
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Figure 7.9 Experimental results of antenna DFB based BIDR3W160 with grating
period Λ = 21 µm and 4 µm exposed lateral loss section at each side
and 10 µm longitudinal loss section at each ends. (a) Pulsed L–I–V
measurement (b) Spectra Measurement at 48 K.
rower beam shape in far field. For antenna-DFB devices, ηeff ∼ 3.6 [121] while for
this device ηeff=(87.8/21)-1 = 3.18. We believe that this might be an antenna DFB
mode but for second order lateral mode.
7.4.2 Preliminary Results for Sensor
For sensor application, devices have been fabricated with two different versions
of masks. The optimal width of lateral and longitudinal absorber for antenna DFB
has been deduced to be 4µm and 10µm respectively at each ends for the device with
dimension 75µm × 1.4 mm. However, we have not been able to successfully fabri-
cate second-order DFB in the same chip. In a separate work within the group by
Chongzhao Wu and Yuan Jin, they were able to successfully demonstrate high power
second-order DFB [119]. In this section, I will present some sensing results that were
obtained from two individual lasers: antenna DFB and second-order DFBs that were
fabricated by Chongzhao Wu and Yuan Jin.
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Figure 7.10 Beam pattern of antenna DFB based BIDR3W160 with grating period
Λ = 21 µm measured at 48 K. (a) 2-D beam (b) Line graph along x-axis
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Preliminary sensing result from antenna DFB:
The actual proposal for the sensing technique is to have analyte or sensing material at
room temperature while THz QCLs still operating at cryogenic temperature. As men-
tioned earlier, before implementing real sensor, there are some challenges to overcome.
In a meanwhile, some experiments were carried out to verify the proof-of-concept of
such sensing scheme.
Fig. 7.11 shows the schematic of needle mounting on the rear side of antenna DFB
device (RTRP3W197) with grating period, Λ = 24 µm (similar to the one reported in
Ref. [121]). Electro-optical properties of the devices, such as pulsed-IV and spectra
was measured first. This device was already mounted and wire-bonded so, a needle
was fixed on the rear side with wax/epoxy. Since the device was already mounted,
special attention was paid such that the device is not shorted by the needle so, a
needle was placed almost 3 mm behind the device. The needle is a commercially
available one and made of stainless steel.
Fig. 7.12 shows the L–I–V characteristics of RTRP3W197 antenna DFB device
with Λ = 24 µm measured at 48 K. The threshold current density is ∼250 A/cm2 and
148
Copper Chip Indium
LCC
Needle
Wax
Figure 7.11 Schematic of demonstrating sensing technique for antenna DFB devices.
has a peak around ∼290 A/cm2. The device radiates at a single mode from threshold
to ∼300 A/cm2 beyond that, the device start to radiate at multi-mode as shown in
inset of Fig. 7.12.
Fig. 7.12 shows the experimental results for antenna DFB device with and without
needle mounted towards the rear facet at different biases: a)262 A/cm2, 12 V, b)273
A/cm2, 12.2 V, c) 282 A/cm2, 12.3 V and d) 292 A/cm2, 12.5 V. It can be noticed
from the spectra that there is a clear shift in the center frequency of the laser when
a needle is mounted on the rear side. There is a red-shift in the spectra by 0.2 cm−1,
which is equivalent to 6 GHz shift in center frequencies.
This validates the proposed sensing structure when antenna DFB is used as a
sensing device. Although using this technique we can sense the presence of material
but the device needs to be cryogenically cooled and any material to be sensed has to
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Figure 7.12 Electro-optical characteristics of RTRP3W197 (VB0464) antenna DFB
devices with Λ = 24 µm measured at 48 K (device dimension: 1.4 mm
× 75 µm).
be mounted along with the device which adds complexities. Also, this technique will
be only viable for solid material. The device is mounted in a cryogenic cooler and
is in vacuum environment so, to sense gas or liquids, this technique will fail. This
signifies the importance of the proposed sensing schemes, where the material to be
analyzed can be placed at room temperature hence giving more flexibility to choose
materials from.
Preliminary sensing result from second-order DFB:
In a separate experiment within the group, Chongzhao and Yuan were able to demon-
strate a high power second order DFB [119].
Fig. 7.14(a) and (b) shows the electro-optical characteristics of a second-order
DFB fabricated from BIDR3W160 active region. Due to limitation in power supply,
complete I–V characteristics could not be measured for this device. However, this de-
vice demonstrated high output power 50 mW when measured at 53 K at pulsed mode.
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Figure 7.13 Spectra measured (at 48 K) at different bias when the device is lasing
at single mode. Red curve is the spectra for as it is antenna DFB and
Blue curve is the spectra from antenna DFB with needed mounted on
the rear side.
Far-field beam pattern was measured at 55 K and results a FWHM ' 9.50◦ × 33.43◦.
Fig. 7.14(b) shows the measured spectra at various bias point from the same device
from threshold to peak current density at 53 K. The device is predominantly lasing
at 3.299 THz for a grating period Λ = 27 µm.
To verify proof of concept for sensor using second-order lasers as shown in Fig. 7.5(b)
we used sensing material outside of the cryocooler. We purchased HDPE (high-density
polyethylene) and PP (polypropylene) with thickness 4.66 mm and 4.92 mm respec-
tively from Amazon – online store. At 3.05 THz, transmission of HDPE and PP were
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Figure 7.14 a) Electro-optical characteristics of BIDR3W160 for second-order DFB
from 200 µm × 1.4 mm cavity. I–V and L–I characteristics measured
at 53 K. Inset shows the 2-D beam measured at 55 K at pulsed mode.
b) Spectra measured at different bias at 53 K.
measured to be ∼72% and ∼37% respectively for aforementioned thickness.3 These
2 plastics and a copper sheet with ∼0.8 mm pin holes were used as a sensing ma-
terial. Sensing materials were placed in between the window of cryocooler and that
of FTIR and spectra were measured. Since both HDPE and PP are transparent at
THz frequencies, they do not need a pin hole but metal reflects all THz radiation and
to observe any signal at FTIR, there needs to be a pin hole through which THz can
pass through. The experimental set-up is pretty straight forward and has not been
illustrated in detail.
Fig. 7.15 shows the transmission spectra recorded from FTIR for different mate-
rials: HDPE, PP and a metal pin hole. In the figure, blank represents the spectra
measured without any sensing materials placed in between FTIR and window of a
cryocooler. As it is evident from the figure, the intensity of HDPE and PP are much
lower than that of the blank measurement and since the THz radiation is transpar-
3Unpublished results.
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Figure 7.15 Transmission spectra for HDPE, PP and Copper-sheet (through a pin
hole) at 3.3 THz.
ent to these materials, there is no obvious change in center frequency for these two
materials. However, for a pin-hole (∼0.8 mm) carved in a copper sheet, the intensity
is much lower this is because of the fact that most of the radiation is blocked by
the metal and little amount of radiation reaches the detector of FTIR. But, if this is
the case, then frequency shift should have been observed. This is not evident from
the spectra whether there is any change in center frequency even if there were any
change it was very little (less than the spectral resolution of FTIR). But there is no
conclusive evidence of that.
To verify that sensing schemes such as that in Fig. 7.5(b) works, we further did
some more experiments on the same set-up. Apiezon – N grease was applied on HDPE
and PP and used doctor-blading technique to make it uniform. There is no specific
reason for choosing that particular grease. Since that grease was readily available in
the lab, we used it to verify whether we can see a shift in center frequency when a
grease is coated on plastic materials.
Fig. 7.16(a) and (b) shows the spectra before and after applying grease on HDPE
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Figure 7.16 Transmission spectra for HDPE, PP and Copper-sheet (through a pin
hole) at ∼3.3 THz measured at 500 A/cm2.
and PP respectively. The bias on the device was 500 A/cm2. There is a slight
discrepancies on the intensity of the spectrum since the intensity recorded on FTIR
should have been less if not equal after grease coating. This is attributed to the beam
mis-alignment to FTIR. The frequency before applying grease on plastic is same for
both materials however, after the application of grease, the shift in center frequency
can be observed in both figures 7.16(a) and (b). There is a red shift of 0.2 cm−1
(equivalent to 6 GHz) when the grease is applied to HDPE and 0.1 cm−1 (equivalent
to 3 GHz) when the grease is applied to PP. This indicates that the frequency shift
is not solely due to the grease but it is due to both grease and the plastic materials.
This verifies that the proof of concept holds true even when second-order DFB is used
as a sensing laser.
154
7.5 Future Work
The first and foremost challenge to realize such laser would be to fabricate two
different laser cavities (edge emitting and surface emitting) and force them to radiate
at exactly same frequencies. It is now been verified for two different lasers chip (with
different emission direction) that such sensing scheme works. However, for both
approach, it requires expensive spectroscopy (FTIR) and THz detector. Next, our
primary goal is to fabricate two different laser cavities in the same chip.
After that another challenge would be to verify the coupling between two cavities
and observing self mixing from the active region itself. It has been experimentally
verified by Rosch et.al. [87] that such self-mixing is indeed possible from active region.
But in that work, it was done at low temperature (23 K) and for cw -operation of
QCLs. Our goal is to observe sensing in pulsed -operation. The challenge remain in
the beat frequencies (down converted signal) which appears for a very short duration,
which is governed by the pulsed width of biases (generally ∼200–800 ns), so, not
all hand-held microwave spectrum analyzer can detect that and the challenge is to
observe such beat frequencies at pulsed mode. We are working towards the realization
of such sensor and since our preliminary result is a strong indication that such sensing
technique is viable, gives us extra motivation towards the completion of the project.
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APPENDIX A. Fabrication Recipe and Mask Details
A.1 Fabrication Parameters
Steps to fabricate Fabry-Perot THz QCLs and challenges to fabricate Distributed
Feedback THz QCLs has been discussed in details in Chapter 3 and 7. Here, I will
discuss more about the fabrication recipe and details of all the masks that has been
designed by me during my tenure at QCL group.
A.1.1 Metal Deposition
Metal deposition is deposited with Indel e-beam evaporation system at Sherman
Fairchild Cleanroom. Pressure to begin metal deposition: 3 × 10−7 T. Use Ti/Cu or
Ta/Cu for wafer bonding (200 A˚/3500 A˚) at 1 A˚/sec throughout the deposition.
Next metal deposition is for top metal. Ti/Cu/Au or Ta/Cu/Au is used (200
A˚/2000 A˚/1500 A˚). When Ti is used, deposit metal at 1 A˚/sec. When Ta is used
deposit Ta and Au at 1 A˚/sec, for first 1000 A˚of Cu deposit at 1 A˚/sec and for
remaining 1000 A˚deposit at 1.5 1 A˚/sec. When Ta is deposited, the temperature
of chamber increases abruptly so, deposit Ta at two steps, and wait for 30 mins in
between.
For bottom metal, deposit Ti/Cu/Au, 200 A˚/2000 A˚/1500 A˚at 1 A˚/sec.
173
A.1.2 Positive Photolithography
Positive Photolithography is done for contact layer pattering while fabricating
distributed feedback THz QCLs. For Fabry-Perot THz QCLs, better temperature
performance is achieved after removing it. However, for mesa-etching, positive pho-
tolithography is implemented for both DFB and FP ridges. For most of the years,
we used S1813 and since 2016, we started using AZ1512 as positive photoresist. Out-
put of the lamp in KS mask aligner (MA-6/BA-6) is 5 mJ/cm2 and for MJB-3 is 25
mJ/cm2.
Recipe for S1813 for Mask Aligner MA-6/BA-6 and MJB-3:
• Before photolithography, clean wafers with solvent and blow dry with N2 air.
• Spin coating: 0.5/0.75/4 KRPM for 6/8/32 secs.
• Soft bake: 115◦C for 60 secs.
• Exposure with mask: 15 secs / 10 µm gap / Hard Contact
• Develop: 40 secs with MF319
• Hard Bake: 130◦C for 120 secs.
For MJB-3, use dial setting for pressure: 10.60 unit (this has been optimized for
our standard wafer (∼630 µm) and mask and exposure time is reduced to 10 secs.
Recipe for AZ1512 for Mask Aligner MA-6/BA-6:
• Before photolithography, clean wafers with solvent and blow dry with N2 air.
• Spin coating: 0.5/0.75/4 KRPM for 6/8/32 secs.
• Soft bake: 110◦C for 120 secs.
• Exposure with mask: 16 secs / 10 µm gap / Hard Contact
• Develop: 40 secs with AZ300 MIF
• Hard Bake: 125◦C for 120 secs.
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A.1.3 Image-Reversal Photolithography
Image-Reversal Photolithography is done for pattering top-metal while fabricating
THz QCLs. We have been using AZ5214 EIR for image-reversal photolithography.
Image reversal photolithography has not been optimized in MJB-3 mask aligner.
Recipe for S1813 for Mask Aligner MA-6/BA-6:
• Before photolithography, clean wafers with solvent and blow dry with N2 air.
• Spin coating: 0.5/0.75/3.9 KRPM for 6/8/30 secs.
• Pre-bake: 110◦C for 50 secs.
• Exposure with mask: 15 secs / 10 µm gap / Hard Contact
• Reversal Bake: 120◦C, 50 secs (most critical)
• Flood Exposure: 75 secs (uncritical)
• Develop: 40 secs with AZ300 MIF
• Hard Bake: 130◦C for 120 secs.
A.2 Masks for Photolithography
Different masks are designed for different purposes. I will discuss three masks that
has been designed in the course of my PhD. All the mask has been designed using
kic in conjunction with Matlab.
A.2.1 Mask for Fabry-Perot Cavity
As discussed previously, to achieve better temperature performance from a Fabry-
Perot cavity, we remove the contact layer that has been grown on top of the active
region. Fabrication of Fabry-Perot cavity two layer photolithography is implemented.
The mask that has been used for Fabry-Perot cavity is shown in Fig. A.1. The first
layer is the green layer defined by the image-reversal photolithography. We define the
width of top metal in this lithography process. Various width of metal, ranging from
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38 µm to 136 µm are patterned in this step. These are infinite length cavity with
spacing between two metal strip as 111 µm.
The next layer of photolithography is shown in gray color and is implemented with
positive photoresist. This layer is commonly called mesa layer and is used to form a
cavity. This layer defines the ridge of QCL cavity. They are slightly wider than the
metal width, and is 8 µm wider at each ends of metal. This also acts as a tolerance
for lithography and helps to protect etching underneath the cavity.
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152 μm136 μm
104 μm 120 μm
84 μm 100 μm
64 μm 80 μm
44 μm 60 μm
84 μm 100 μm
64 μm 80 μm
44 μm 60 μm
38 μm 50 μm
95 μm
Figure A.1 Screenshot of a mask layout for Fabry-Perot cavity.
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A.2.2 Mask for Distributed Feedback Cavity: Version – 1
As opposed to Fabry-Perot cavity, Distributed Feedback Cavity involves three
layer of photolithography. Longitudinal absorber regions are vital to eliminate the
reflection from the facet and lateral absorber regions are used to kill higher order
longitudinal modes. So, contact layer (highly doped GaAs) has to be patterned.
a) b) c)
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5 μ
m
45
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30
 μm
30
 μm
20 μm
50 μm
75
 μm
35
 μm
10 μm
25
 μm
40 μm
30
 μm
17 μm
4 μm
18 μm
6 μm
18 μm
13 μm
Contact Layer Lithography Metal Lithography Mesa Lithography
Figure A.2 Screenshot of a mask layout for fabricating DFB cavity, V – 1.
Fig. A.2(a) is the first layer of photolithography for patterning contact layer
(shown in green color). 50 µm absorber is patterned at two ends which serves as
longitudinal absorber region and 30 µm on both sides serves as lateral absorber re-
gion. In between two strips of lateral absorber region, there is a 40 µm exposed active
region. Next step is to pattern the metal on top (shown in blue color) as shown in
Fig. A.2(b). Left most metal (75 µm width) is a bonding pad and metal overlaps
contact layer such that total exposed contact layer on longitudinal side is 40 µm and
on each lateral side is 25 µm. The gratings has been designed in this step. For e.g.
in this figure, 21 µm grating is designed with 80% duty cycle. Total width of metal
strip is 55 µm. Finally, last step is to form a cavity and this step is done with positive
photolithography (as shown in red color is Fig. A.2(c)). The photoresist covers 18
µm of exposed contact layer and protects the grating, bonding pad and longitudinal
absorber region. Unfortunately, devices fabricated with this mask failed to lase and
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it is attributed to higher loss caused by the presence of exposed contact layer.
A.2.3 Mask for Distributed Feedback Cavity: Version – 2
Since 1st version of DFB failed to lase, I redesigned another mask and this time
we reduced the amount of exposed contact layer in the ridge. Fig. A.3 shows the
screen shot of a mask layout designed for bi-directional operation of THz DFB lasers.
For bidirectional operation of such QCLs, contact layer has to be present beneath all
metal as opposed to that in Fig. A.2. For other devices which does not bidirectional
operation, similar mask is designed but without contact layer beneath the metal
forming apertures.
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Figure A.3 Screenshot of a mask layout for fabricating DFB cavity, V – 2.
There is a huge modification in this mask layout. Contact layer is added beneath
the bonding pad and metal width has been increased from 55 µm to 61 µm. In
this particular example, the length of longitudinal absorber is reduced from 40 µm
to 10 µm and exposer of lateral absorber width is reduced to 3 µm at each side.
As mentioned earlier, there are contact layer present beneath each metal forming
the grating as well. The tolerance of this metal layer to contact layer is 1 µm,
which demands complexities in fabrication. Fabrication sequence is similar to that
of Fig. A.2. Example of screen shot is for the DFB with grating period, Λ = 18 µm
with 3.6 µm apertures.
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APPENDIX B. Drawings of Mounts and Fixtures
B.1 Copper Chip Drawings:
Oxygen Free, High Conducting (OFHC) copper are primarily used as a copper
chip because of their thermal conductivity. Three different copper chips were designed
for various purposes: i) for regular THz QCL mounting( B.1), ii) for multi-purposes
such as QCDs and Sensor mounting( B.2) and iii) for sensor structure mounting( B.3).
0.1
0.5
0.58
0.155
0.325
Top View
0.5 0.1
0.0625
Side View
a)
b)
Optical Image
Figure B.1 (a) Drawing and dimension (in inch) of regular copper chip: side
and top view (b) Optical image.
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The copper chip shown in Fig. B.2 can be used for various purposes. Third copper
chip shown in Fig. B.3 is specially used for testing sensing structures.
a) b)
c) d)
Figure B.2 Drawing and dimension (in mm) of multi-purpose copper chip: (a)
side view, (b) top view, (c) 3-D image and (d) optical image.
a) b) c)
Figure B.3 Drawing and dimension (in mm) of sensor copper chip.
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B.2 Copper Mount Drawings:
After mounting device in copper chip, these chips are mounted in a copper mount
with indium foil in between and screwed securely.
a) b) c)
d)
Front View Top View
Clamp's Top and Front View 
Optical Image
Figure B.4 Drawing and dimension (in inch) of regular copper mount.
In copper mount shown in Fig. B.4, 2 individual copper chip can be mounted with
a winston cone each or a single copper chip can be mounted in center with a winston
cone.
The copper mounts illustrated in Fig. B.6(a) and Fig. B.6(b) is different than that
in Fig. B.4(d). The key difference in the copper mounts in Fig. B.6 is that winston
cone can not be mounted. Also, there are not much difference in Fig. B.6(a) and
Fig. B.6(b) apart from the height. There are two windows in cryocooler; one on the
side and other in the top. For measuring edge emitting devices, we can use mount in
Fig. B.6(a) since it aligns to the window located on the side. For measuring surface
emitting devices, we can use mount in Fig. B.6(b) since it aligns and will be close to
the window located on the top.
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a) b)
c) d)
Figure B.5 Drawing and dimension (in mm) of copper mount for sensor. (a)
and (b) are side and top view for characterizing edge emitting devices
and (c) and (d) are side and top view for surface emitting devices.
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a) b)
Figure B.6 Optical images of mounts. (a) For edge emitting structures (as drawn
in Fig. B.5(a) and B.5(b)) and (b) For surface emitting structures (as
drawn in Fig. B.5(c) and B.5(d))
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APPENDIX C. Customizing Cryocooler
C.1 Vacuum Chamber:
A bare-bone stiling cryocooler, Cryotel GT, was bought from Sunpower Inc. with
CT adapter. A lot of modification had to be done for the cryocooler such as electrical
connections from cryocooler to power supply, electrical connection for biasing device,
electrical connections for connecting temperature sensor in the cold plate and also
in the copper mount. For cryogenic operation, this has to be under vacuum during
operation and also requires a window for characterizing the laser. Designing of vacuum
chamber was done at QCL Group.
31
51
10
3
2
a) Side View
25.5
15.513.
5
O-ring Groove
b) Bottom View
4-40 Screw (flushed)
Figure C.1 Drawing and dimension (in mm) of window: (a) Side view (b) Bottom
view.
For holding vacuum securely, o-ring has to be placed at all connectors. Fig. C.1
shows the side and bottom view of a window which is held in to the vacuum chamber
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by 4 4-40 screws and at the bottom there is a groove for an o-ring.
SMA Connector 1 SMA Connector 2
10-pin connector
Vacuum Port
a) b)
Figure C.2 Drawing and dimension (in mm) of chamber: (a) Side view (b) Bottom
view.
Fig. C.2 shows the dimension of a vacuum chamber. This vacuum chamber is held
securely to the cryocooler with NW-50 o-ring and clamp. There are two hermetically
sealed SMA connectors (Pasternack PE4540 ) and 10-pin connectors (IRLabs - Her-
matic 10-pin connectors and plug) available in the chamber for electrical connection.
And, a vacuum valve (Keyhigh Vacuum, BL-50-34810 ) is connected to vacuum pump
with NW-25 o-ring and clamp. The window (as shown in Fig. C.1) is located at one
side (not shown in the drawing) which is located 35 mm below from the top of the
chamber and 40 mm from the side. This location is set such that the regular copper
mount can be used for the measurements. The purpose of SMA connectors are to
supply bias to the devices and that of 10-pin connector is for measuring temperatures
at the cold plate and near the devices.
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Fig. C.3 shows the drawing of two different covers used for measuring different
type of devices. Either of these covers has to be used during measurements. Fig. C.3
(a) and (b) shows the cover for the vacuum chamber when edge emitting devices are
being used. This cover is slightly thicker while Fig. C.3 (c) and (d) shows the cover
for the vacuum chamber when surface emitting devices are being used. There are
two key difference between these covers: (i) the cover in Fig. C.3 (c) and (d) has a
window slot so that to collect radiation from the device that emits from the top and
(ii) the cover in Fig. C.3 (c) and (d) are thinner by 5 mm than that of Fig. C.3 (a)
and (b). For surface emitting devices, it is idea to have device located close to the
window, such that the distance between device and detector is reduced. All screws
that hold the cover are flushed to the surface to provice stability to the cryocooler
when it is placed up-side down.
When the cryocooler was purchased, it did not have any stands on it and was not
stable. On one side it had CT adapter and on the other side it had passive balancer.
So, a cryo-stand was designed as in Fig. C.4 to provide stability to the cyrocooler.
Fig. C.5 shows cryocooler when purchased and after customization.
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Figure C.3 Drawing and dimension (in mm) of two different covers: (a) and (b)
Top and Side view of a cover used for measuring edge-emitting devices
(c) and (d) Top and Side view of a cover used for measuring surface
emitting devices.
188
101
101.6
88.9
35.85
50.8
50
44
6.3
5
a)
50.8 44.45
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Top ViewSide View
Figure C.4 Drawing and dimension (in mm) of cryocooler stand: (a) side view and
(b) top view.
a) b)
Stand
Vacuum
Chamber
Window
Vacuum Valve
CT Adapter
Passive
Balancer
Water In Water Out
Figure C.5 (a) Cryocooler as purchased (b) Cryocooler after customization.
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C.2 Electrical Connections:
Power Cables:
GT cryocooler expects 48 V DC power supply, a PSP-600-48 Mean Well Power
regulator along with cryocooler from Sunpower was purchased. It did not have any
electrical connection when received so all wiring was done at THz Lab. AC line was
connected as Yellow for Ground (GND), Blue for Neutral (N) and Brown for Signal
(L). There are two outputs from Mean Well Power regulator that serves as an input to
cryocooler. Blue line connects V- from regulator to cryocooler’s IN- and Brown line
connects V+ from regulator to cryocooler’s IN+. To fix these wires on cryocooler’s
controller, the housing of controller was unscrewed and respective wires were screwed.
Cryocooler has two wires for power. Orange wire is connected to OUT+ of con-
troller and white wire is connected to OUT- of controller. Since these wires are
shorter, extension wires were used. On controller side, they are soldered on the back
side of the circuit board and on other side there is a banana connector. Orange cable
from cryocooler is connected to Black cable to controller and white cable from cry-
ocooler is connected to Green cable of controller. The banana plug can be fixed such
that negative part of banana male is connected to negative part of banana female.
I/O connection:
A cable from Sunpower was received that has 14-pin connector on controller side and
RS-232 on the other side (that goes to computer).
Pin No. Function
11 (Orange Wire) Isolated I/O GND
13 (Yellow Wire) RS-232 RX (Input)
14 (White Wire) RS-232 TX (Output)
Table C.1 RS-232 pins and functions
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Temperature Sensor Connection:
Sunpower controller expects temperature feedback from the cryocooler. There is a 10-
pin connector on the vacuum adaptation. The purpose of this 10 pin connector is to
provide temperature input to Sunpower controller. There is one temperature sensor,
XPT-111-45, mounted in the cold plate with four wires. Red and Green constitute
first pair and Black and Clear another pair. One pair is for positive and other for
negative input. The resistance between one wire from each pair is around 100 Ω at
room temperature.
XPT-111-45 is a platinum temperature sensor and need to select PT-100 curve
in input setting of temperature controller. Mating adaptor is connected to a 16 wire
cable and has been connected to the temperature sensor input (connected to sunpower
controller). Mating adaptor is also connected with additional temperature sensor and
two pins are for heater input. Cryocooler is controlled through hyper-terminal instead
of Labview.
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APPENDIX D. Waveguide Simulation Set-up
Waveguides are simulated with Comsol Multiphysics. In this section, I will discuss
how coupling simulation was set-up in Comsol.
DFB #1 DFB #2Gap
Active Region
Doped Contact Layer
Metal
Aperture
18 λ
8 λ
Absorbing Region
Ab
so
rbi
ng
 R
eg
ion
Absorbing Region
εr = 1 - i*AL*(y - 8λ)
εrla = 1 - i*AL{[(|x|-totLen/2)2+y2]1/2 - 8λ} 
totLen
WT = 10 μm
thickness of doped contact layer (DT) = 0.1 μm 
thickness of metal (MT)                       = 0.4 μm 
Mesh size of doped contact layer = DT/3 
Mesh size of metal                        = MT/3
Mesh size of active region            = WT/20 
Mesh size of air region                 = λ/8 
εr = 1 
εr = 1 εr = 1 
εrla
εrla
where, AL = 0.001
totLen1 totLen2
Figure D.1 Geometry for coupling simulation.
A schematic for simulating coupling of two DFBs cavities are demonstrated in
Fig. D.1. Two DFBs, DFB#1 and DFB#2 are separated by a small air gap. The
length of DFBs and air gap spacing can be varied. The width of waveguide is much
smaller to that of the entire geometry. The zoomed-in area shows the width of active
region with doped-contact layer on top-left followed by the metal grating structures.
The simulation is set-up from Comsol GUI and all parameters are stored in the
parameter file as shown in Fig. D.2. It has to be noted that all external boundaries
are set as perfect electric conductor (PEC).
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Figure D.2 Example of a parameter file.
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Before starting simulation, a parameter file is created and a screen-shot of such
file is shown in Fig. D.2. This file contains all basic parameters required to create
two DFBs separated by air gap. First 7 lines of the file contains information such
as the desired frequency of simulation and its corresponding wavelength. Following
three lines are the thickness of waveguide (WT), metal (MT) and contact layer (DT).
Following it are the definitions of two circles radius that are required to create air
sub-domain on left and right of the DFBs as demonstrated in Fig. D.1.
Fig. D.2 is later divided into 3-parts. First and second sections are the parameters
required to build two DFBs viz. DFB#1 and DFB#2. They have information such
as duty cycle, period, number of periods, width of absorber region (both left and
right), extension length of metal and it calculates the total length of DFB#1. In
second section, it has same parameters as that for the DFB#1 while also including
spacing between two DFBs and attenuation at air media (AL).
Third-section is the most important section. This is used to calculate the per-
mittivity of all materials used in the simulation. Values of physical constants are
defined here along with electron density and scattering time of different materials.
These values are fed-into the Drude Model as discussed in Chapter-2. Finally, in the
last section, size of mesh element are defined for each sub-domain. In the remaining
section of this Appendix, I will discuss on how to set simulation, step-by-step.
• Open Comsol and select 2D Model Wizard. Select Wave optics → Electro-
magnetic waves, Frequency domain as Physics and Eigen Frequency as study.
• Right click on Global Definition → Parameters and load parameter (.txt) file.
– Right click on variables and set variables:
variables1 → a → 1+i × AL × (y×1000000-SR)
variables2 → b → 1+i × AL × (sqrt((abs(x × 1000000)-totLen/2)2+(y
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× 1000000)2)-SR)
variables3 → epsilon DC → epsrGaAssta × (1-((DC × q2/(meff × ep-
srGaAssta × eps0)) × tau DC2)/(1+omega2 × tau DC2)+1j × ((DC ×
q2/(meff × epsrGaAssta × eps0)) × tau DC)/(omega × (1+omega2 ×
tau DC2)))
variables4 → epsilon GaAs → epsrGaAssta × (1-((GaAs × q2/(meff
× epsrGaAssta × eps0)) × tau GaAs2)/(1+omega2 × tau GaAs2)+1j ×
((GaAs × q2/(meff × epsrGaAssta × eps0)) × tau GaAs)/(omega ×
(1+omega2 × tau GaAs2)))
variables5→ eplison Au → (1-((Au × q2/(me × eps0)) × tau Au2)/(1+
omega2 × tau Au2)+1j × ((Au × q2/(me × eps0)) × tau Au)/(omega ×
(1+omega2 × tau Au2)))
• Click on Geometry and start building the geometry, use length unit as µm. For
all rectangles and square, use base as corner and for circle use center. Build
rectangles as follow.
• Build array to repeat the period. Select input object as r4, array type: Linear,
Size: NUM1-1, Displacement: X: PER1, Y: 0
• Build extension length and absorber region on right side.
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• Build array to repeat the period. Select input object as r4, array type: Linear,
Size: NUM1-1, Displacement: X: PER1, Y: 0. Similarly create waveguide
structure for DFB#2 as well with offset SPA.
• To create environment draw two circles: c1 and c2 with radius: SR and BR
respectively, Sector angle 360◦ and (x,y): (-totLen/2,0). Draw square (sq1)
with Side Length: BR at (-(totLen/2+BR),0).
• Compose (co1) with input object c1, c2 and sq1 and set formula sq1 × (c2-c1),
keeping interior boundaries.
• Create sq2 with Side Length: ST at (-(totLen/2+SR),0) and c3 with radius SR,
sector angle: 260 at (totLen/2,0).
• Compose (co2) with input object sq2 and c3 and set formula sq2 × c3, keeping
interior boundaries.
• Draw 2 circles, c4 and c5 with radius SR and BR at (totLen/2,0) with sector
angle 360 ◦ and sq3 with side length: BR at (totLen/2,0) .
• Compose (co3) with input object c4, c5 and sq3 and set formula sq3 × (c5-c4),
keeping interior boundaries.
• Finally draw sq4 with SR as length and c6 with SR as radius both at (totLen/2,0)
and compose co4 with sq4 and c6 with formula sq4 × c6. This completes the
building of a geometry.
• Next step is to go to electromagnetic waves, frequency domain→ wave equation
→ Electric1 and change electric field displacement model to Relative Permit-
tivity from material. By default this is set to Refractive Index.
• While setting material now the input field should be relative permittivity. Set
electrical conductivity → 0 and relative permeability → 0 for all materials.
Since all parameters are already stored in parameters and Drude model values
for relative permittivity for all materials has been calculated, we can simply use
the variables that has been defined earlier.
– mat1 → select sub-domains for Au. Relative Permittivity → epsilon Au.
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– mat2→ select sub-domains for GaAs (active region). Relative Permittivity
→ 12.96.
– mat3 → select sub-domains for Air. Relative Permittivity → 1.
– mat4→ select sub-domains for absorber. Relative Permittivity→ epsilon
DC.
– mat5 → select sub-domain for central lossy air. Relative Permittivity →
a.
– mat6 → select sub-domain for left lossy air. Relative Permittivity → b.
– mat6 → select sub-domain for right lossy air. Relative Permittivity → b.• Set Mesh → free triangular.
– Size1 → select manually Au sub-domain with custom max. element size:
MT/3.
– Size2 → select manually AR sub-domain with custom max. element size:
WT/20.
– Size3 → select manually air sub-domain with custom max. element size:
λ/8.
– Size4 → select manually DC sub-domain with custom max. element size:
DT/3.
• Click on Study → Eigen frequency. Select desired number of eigen frequency
and search for eigen frequencies around freq.
• Right click on Study and Compute.
• To calculate the coupling efficiency between two DFBs, after running simulation,
right click on data set.
• Choose Cut Line 2D from drop down menu. Choose Data Set: Solution 1, Line
entry method: Two Points and set the axis for the desired point of interest.
• Right click on Results and choose 1D plot group.
• Right click on 1D plot group and choose Line Graph.
• Choose Cut Line 2D in data set, for effective mode index selection choose From
List and click on desired Effective Mode Index. On Expression, choose desired
expression (Ey2, Ex etc). Click Plot for field distribution.
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APPENDIX E. Lab-View Visual Interface
For electro-optical characterization of THz QCLs, multiple Lab View’s Visual
Interfaces (VIs) has been written in National Instrument’s Lab View 2011. Some of
the commonly used VIs are illustrated in this section.
198
Figure E.1 Screen shot of Labview’s visual interface for measuring pulsed L–I–V
characteristics.
199
Figure E.2 Screen shot of Labview’s visual interface for measuring DC I–V charac-
teristics.
200
Figure E.3 Screen shot of Labview’s visual interface for measuring pulsed L–I char-
acteristics.
201
Figure E.4 Screen shot of Labview’s visual interface for measuring beam pattern.
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